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INTRODUCTION

This final report covers the period October 1, 1980 to

March 31, 1984. It is a follow on to a previous contract

DAAG29-80-K-0019 which carried the title "Fundamental Elec-

. tronic Properties of Donor-Type Graphite Intercalated

Compounds".

All the significant results have been published in the

open literature, We present here the highlights of those

results. Attached as appendices are reprints of papers pub-

lished during the second 3-year contract.
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STATEMENT OF PROBLEM

--- Graphite intercalation compounds are a large family of

quasi-two dimensional synthetic metals. Fundamental interest

centers on their unusual crystal structures and their effects

on electronic properties. Practical applications are envisaged

as lightweight conductors of electricity.

_-The goals of this program are to understand the electronic

structure of donor-type compounds, with a view toward obtaining

detailed correlations between chemical and physical variables.

Emphasis is placed on the one-electron spectrum, transport and

optical properties and charge distributions. Synthetic methods

are developed to provide high-quality specimens for a variety

of physical measurements. Band theoretical techniques are

applied to develop models for the electronic structure. Iteration

between theory and experiment leads to more sophisticated models. -.
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HIGHLIGHTS

The experimental work conducted during this contract

consisted of three projects:

i. Detailed structural studies of the Li-graphite system

versus Li concentration and temperature.

ii. Preliminary experiments revealing an unusual temperature

dependence of c-axis conductivity in various donor

compounds.

iii. Definitive reflectivity measurements which provide

sensitive tests of the theoretical band structures.

The theoretical efforts were focused on:

iv. Calaculation of the optical spectra, e(w), for graphite

and LiC 6 providing for detailed test of the calculated

band structure through comparison with measured reflec-

tivity and electron-energy-loss spectra.

V. Determination of the charge transfer in the donor graphite

intercalation compounds.

vi. Determination of the nature of c-axis screening in higher

stage Li-graphite.

-3-

. . .. . ... :...



- - o*-*-*.*t. t. 7°'.5 ", - C .,'. .. . ......

1. Structural Studies of Li-Graphite

The saturated stage 1 compound LiC6 is a physical realiza-

tion of the 3-component Potts model in 3 dimensions, so its

melting behavior should be directly comparable to symmetry-based

theories and Monte Carlo simulations. We found a weakly first-

order transition at 715K as predicted by Landau-Ginzburg ex-

pansions, preceded by a large continuous precursor which occurs

also in the computer experiments. Detailed comparison of the T

dependence of the order parameter below Tc reveals significant

discrepancies, however. These may be due to different jump rates

parallel and perpendicular to the layers, or may be a manifesta- V.

tion of vacancies or their associated random field. Further

measurements with vacancy concentration as a parameter would be

clearly useful.

The staging phase diagram for LixC6 versus x and T has been

determined in broad outline from x-ray and neutron diffraction.

The general prediction of Safran is confirmed: at high T, only

stage 1 is stable independent of x, a direct consequence of the

dimensionality of the configurational entropy. The corrugation

potential between Li and the 2D hexagonal "substrate" is very

strong due to the compact Li+ core, thus leading to unusual

regions of stability for different in-plane densities. Phonon

spectra and c-axis compressibilities have been obtained as a

function of in-plane density at constant stage; these data accord

well with a simple electrostatic model of interlayer interactions.
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2. C-axis conductivity

" - Much of the interest in GIC's has been motivated by the

large in-plane (a-axis) conductivity and the resulting potential ' -

for applications as synthetic conductor. On the other hand,

the interlayer, or c-axis transport should be fundamentally

interesting as a probe of staging transitions, nonlinear screen-

ing and possible localization effects.

We measured the c-axis conductivity from 4-300K on all the

usual stage 1 donors, and on K-GIC's up to stage 7. Some samples

of MC8 (M = K, Rb, Cs) show a transition from metallic to acti-

vated behavior as T is reduced below 40-100K. In one case the

4K conductivity is only half the 300K value. In all cases a

constant as T 0 0, implying an incipient metal-insulator transi-

tion which is interrupted by another process. The overall ac (T)

behavior differs markedly from a (T), which leads us to believe

that we're seeing intrinsic behavior rather than a-axis shorting

paths. High stage samples show strongly first-order anomalies

in the 220K region which correlate with similar anomalies in

static susceptibility. In a separate project, structural studies

show that these anomalies originate in a curious temperature-

dependent disorder in the perfection of the high-stage "super-

lattice".

-5-?
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3 and 4. Dielectric Function of LiC6 - Theory and Experiment

On the experimental side, reflectivity measurements were

carried out up to 11 eV, with polarization perpendicular to the

c-axis, on the first stage alkali graphite intercalation compounds

LiC and KC as well as the ternary compound KHgC4. In addition,
6 8 4

infrared reflectivity measurements were carried out as a function

of stage on a number of donor and acceptor compounds. The results

for LiC6 are in excellent agreement with our calculations as will

be discussed below. The results of KHgC4 support the idea that

the excess K (4s) charge is transferred to mercury bands. The low

energy reflectivity as a function of stage for the acceptor com-

pounds show an absence of Burstein-Moss shift, indicating that the

partially ionized intercalant layers are screened by the compen-

sating free carriers within one layer spacing, i.e., the bound-

ing layer. This is in agreement with our theoretical calculations

described in 6. The calculated energy bands and wave functions

were used to calculate the complex dielectric function up to 40 eV

for polarization both parallel and perpendicular to the c-axis.

This is the first such calculation for any intercalation compound,

and shows excellent agreement not only with the above reflectivity

measurement but with results of electron-energy-loss experiments

and reflectivity measured by other workers. Our calculations show

that the observed plasmon at 2.85 eV for e is due to the

oscillations of the free carriers screened by interband transitions.
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+* Without this screening the plasma frequency would have been

at 6.3 eV obtained from the Fermi surface calculation for the

combination of both carrier surfaces.

5. Charge Transfer in the Donor Graphite Intercalation Compounds

Our original nonselfconsistent calculation of the energy

band structure of LiC6 and KC8 using the Green's function (KKR)

technique, had indicated that the charge transfer from the inter-

calant to graphite layers is unity. This was in contrast to the

calculations for KC8 from the group of Kamimura at Tokyo Uni-

versity which predicted the existence of a large s-type pocket

of carriers at the Brillouin zone center. During the past three

years, we have carried out selfconsistent calculations of the

energy band structure for LiC6 and KC8 using the ab initio norm-

conserving pseudopotentials. The results confirmed our original

conclusions that any carriers that may exist at the zone center

in KC8 will be extremely few in number and due to the intersection

of the Fermi level with w bands. These r bands are deformed due

to hybridization with the potassium levels. The current experi-

mental data are being interpreted in agreement with our model.

In the case of BaC6, even though there are two s electrons on Ba

that could potentially be transferred to graphite, only between

0.7 and 1.0 electron per Ba atom are transferred to the graphite

layers. The results show, further, that the band originating

from Ba states has a mixture of s and d character and the d

-7-



- component hybridizes appreciably with the w bands of graphite.

These results are consistent with the available transport and

.optical measurements on graphite.

6. C-axis Charge Distribution in High Stage Li-graphite

One of the important questions dealing with the interca-

lation compounds has been whether the charge donated by the

intercalant layer to the graphite layers in stages three or

. higher, is distributed uniformly among these layers or it is

concentrated in the graphite layers adjacent to the intercalant.

In order to answer this question, we undertook to calculate the

energy band structure and charge distribution for 2nd and 3rd

stage Li-graphite. Our results showed that, in fact, the major

part of the transferred charge is concentrated in the bounding

graphite layers. This is the explanation for the splitting of

the graphite layer Raman lines when we go from the second to

* third stage Li-graphite.
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FIRST-ORDER PHASE TRANSITION IN THE GRAPHITE COMPOUND UC,

J. Rossat-Mignod and A. Wiedenmann

Laboratoire de Diffraction Neutronique, Department de Recherche Fondamentale, Centre d'Etudes Nucleaires,
85X, F-38 041 Grenoble, France

"- and
K.C. Woo, J.W. Milliken* and J.E. Fischer 4

Moore School of Electrical Engineering and
Laboratory for Research on the Structure of Matter, University of Pennsylvania, Philadelphia, PA 19104, U.S.A.

(Received 12 July 1982 by E.F. Bertaut)

Elastic neutron scattering and scanning calorimetry reveal a weakly first-
order "melting" of the Li layers in the graphite intercalation compound
IIC6 at To = 715.4 K, in excellent agreement with recent experiments by

Robinson and Salamon. The first-order nature of the transition also agrees
with a prediction by Bak and Domany derived from Landau expansions,
but the detailed behavior of the fluctuation-induced power-law precursor
differs from recent Monte Carlo simulations of the 3D-3q Potts model.

LiC6 HAS THE SIMPLEST ground state structure of all LiC6 is hexagonal with two out-of-plane neighbors at
the graphite intercalation compounds (GIC). The hexa- 3.7 A (sielded by graphite monolayers) and six in-plane
gonal unit cell contains one Li and six C atoms, with neighbors at 4.3 A, and the nature of the disordered
alternate stacking of commensurate C and U layers in phase above To is unknown. We therefore suggest that -
which the Li's occupy only one of three sets of equi- subtle features of the Monte Carlo simulations regarding

" valent interstitial sites on a '13 x N3 in-plane super- critical fluctuations which precede the first-order tran-
lattice [11. This structure, characterized by a stacking sition may not be applicable to the diffraction results
sequence AaAa (A - carbon, a = U), is stable at least on UIC6.
over the interval 10 K < T< 300 K [21, and is iso- Neutron scattering experiments were performed on
morphous to the ordered phase of the three dimensional a triple-axis spectrometer at the Siloe reactor (CEN-
three-state Potts model, the critical behavior of which Grenoble), using monochromatized neutrons with
has been explored theoretically [31 and by Monte Carlo X = 2A A. UC6 samples 10 x 20 x 1-2 mm were pre-
simulations [4-61. We set out to characterize the order- pared from highly-oriented pyrolytic graphite by
disorder transition by neutron diffraction. What we immersion in molten U and were sealed in thin-wall
observed was a weakly first order reversible "melting" stainless tubes containing a small amount of U to main-
of the U sublattice at To - 715.4 0.2 K, in agreement tain equilibrium vapor pressure. Details are given else-
with Bak and Domany's prediction [31. However, over a where [21. In Fig. 1 we plot the T.dependence of the
200 K range extending to within I K of To the melting is peak intensity of the (100) reflection from the
characterized by a continuous power-law decrease of the V3 x -/3 U commensurate superlattice, scanned along
order parameter. Our results agree in detail with the data IL We observe a continuous loss of intensity up to 714 K
of Robinson and Salamon [71 (RS), but our interpre. upon heating, but the transition is actually weakly first
tation is different. Whereas experiments and simulations order, as is apparent from the expanded scale insert. The

- agree that the transition is first order, differences in intensity drops discontinuously at ro (factor of - 10
detail regarding the continuous precursor suggest that within I K), and there is - 5 K hysteresis between
the 3D-3q Potts model may only be applicable to the heating and cooling. The discontinuous drop accounts
universal aspects of the transition in UCe, and that con- for 30% of the intensity, or 55% of the order parameter,
cluslons regarding the significance of the precursor of the completely ordered phase. The diffraction results
.M pemature. The simulations all assume a s.c. lattice are completely reversible. Differential scanning calori-
with latticelps disorder above To; the Li sublattice in metry (lower insert) indicates a lambdahlike anomaly,

which in light of the diffraction data may be attributed
*Current address: Naval Research Laboratory, to fluctuation effects rather than to a second-order
Washington, D.C., U.S.A. process [71. Above 750 K the sample transforms rapidly
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Fig. 1. Te nperature dependece of the peak intensity of 0095 100 105 100 100-
the (100) L superlattice reflection in UC6 scanned in
the plane (powder average ofh and k). Inet upper h- h --
right: expanded scale showing hysterisis and discontinu-
ous drop at To - 715.4 10.2 K upon warlninl. Inset Fig. 2. Elastic scans at 45 K(...), 707K (+++): (a)
lower left: differential scanning calorimetry trace of the (100) scanned along h, (b) (101) along h, (c) (101) along
trasition. 1. Scattering wave vectors q. and qe in units of 2r/a and

21r/c where a - 4304 A, c varies from 3.691 to 3.770 A
respectively. Upper two curves shifted vertically for

and irreversibly into Li2C so we did not explore the dis- clarity; solid lines are guides to the eye. -'

ordered region in detail. The observed width in h of the
(100) reflection is independent of T within our resolu- motivated only to facilitate comparison of various
tion Aq/q = 0.02 (FWHM), as shown in the first panel of results. We view the exponents as empirical parameters
Fig. 2. Thus the in-plane correlation length is constant characterizing the continuous precursor to a first-order
up to To. One possible explanation for the continuous transition, not as critical exponents in the usual sense.
decrease of (100) intensity followed by a first-order The latter are defined in the limit T/To - 1, so the fact
"melting" would be a continuous loss of c-axis corre- that the same exponent fits the data in the range
latlons, which would broaden the (100) reflection along 0.00 17 < (I - TITO) < 0,34 militates against interpret-
I and thus reduce the peak intensity scanned along h. ing it as a second-order critical exponent. From Fig. 3,
This in turn would indicate a 3D - 2D crossover [8) the best fit exponent to our intensity data is 0.20 ±
below the first-order transition at To, in which case the 0.02 which would correspond to a pseudo critical
latter would be a 2D rather than 3D process. The second exponent "5" = 0.10 ± 0.01. The data point closest to
and third panels of Fig. 2 allow us to rule out this possi- To lies below the power law line, indicating the onset of
bility, since the (101) reflection has essentially the same the discontinuous transition. The integrated intensity
T dependence when scanned along h or 1. The broad data of RS shows the same temperature dependence
region of continuous behavior in Fig. I therefore within experimental errors; since the line width and line
indicates a precursor effect to the first-order transition, shape are independent of T, peak and integrated inten-
both phenomena being 3D. sities should give the same exponents. However, RS

In addition to the above observations, we find that derived from their data a value of the critical exponent
within experimental error the LI and graphite sublattices i = 0.22 ± 0.03 by fitting
remain commensurate up to To and that the in-plane 1(7) = A(T- To) + B8(T- To),
parameter a - 4.304 A exhibits no measurable
T-dependence. The small peak at q - 0.99 in the (hOO) thus allowing an infinite dope at T. In our opinion,
scan at 720K (T > To, first panel of Fig. 2) occurs at there is no physical justification of such a fitting
constant Bragg angle (independent of sample orienta- procedure.

. don) and therefore may be an "impurity" powder peak Both diffraction experiments agree with the predic-
or anmultiple-scattedng effect. The (1O) scans indicate a tion [31 based on universality of a first-order transition
larg thermal dilation in the stacking direction (9). in UC6. The Monte Carlo simulations provide more in-

Figure 3 is a plot of log (I/l) vs. log (I - T/TO) formation, at the expense of specifying a detailed model
where I is the background-corrected (100) peak Intensity (e.g., sc. lattice, nearest-neighbor interactions only in
(+++) or the square of the Monte Carlo order parameter [4-6D. The simulation by Knak Jensen and Mouritsen
[S] (ooo). We emphasize that a power law analysis is [5] gives an exponent 0.27 for the square of the order

. o • - • , .
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714.5K 708K 643K excess Li in the container, a similar justification for
latticegas behavior can be made in our case. The samples

+ NEUTRON DATA originally contain a very small admixture of stage 2 at
-02-0 MONTE CARLO A - 300K, which disappears upon heating above 430K [2].

-, This admixture grows with each heating cycle, a
_ 04- phenomenon which was also noted by RS. The relative

-. ,sizes of U and Cs would suggest that lattice-gas disorder
-06 1 is more readily accommodated, even without vacancies," beginning from a i! vr3 x v' structure than from a Cs

2 x 2. A search for energy broadening of the Li (100)
-08 Ireflection just below To showed nothing within our

SJ energy resolution of 2 x 104 -eV, thus ruling out struc-
-4 -3 -2 -1 tural fluctuations (e.g., hopping among a, 0 and y sites)

LOG ( - T/T o ) faster than 10" sec- 1. Lattice-gas disorder would there-

Fig. 3. Log-log plot of reduced intensity vs reduced fore appear static on this time scale. Direct measurement
temperature. Comparison of our data (+++) with.the of the diffuse scattering above To is frustrated by the
square of the order parameter [5] (ooo). container background [7); such experiments, if feasible,

would confirm or deny whether the Potts model applies
parameter (Fig. 3), while Herrmann [61 finds 0 - 0.17 to both the ordered and disordered phases of UC6.
for the magnetization, hence an exponent 20 = 0.34 to Another possible complication in LiC6 might be the
be compared with the numbers cited above. Thus the existence of strong 2D fluctuations, associated with the
experiments and simulations disagree in all cases. The fact that the I! sublattice is not entirely decoupled from
closest approach to agreement is between the RS data the graphite network at any temperature. Given the
and the simulation of [5], whereas Fig. 3 clearly shows small diameter of either Li+ or Lie relative to the 4.3 A
that our experimental exponent is significantly less than circle available to it in the /3 x v'/ superlattice, and
the Monte Carlo value. Reference [51 gives a clear indi- given the evidence for partial covalent (i.e., strong) inter-
cation of a first-order transition with a coexistence layer C-Li bonding [21, any fluctuations in Li positions
region AT/To - 10- 3 in the order parameter, whereas would be largely confined to a Li layer. While the ampli-
Herrmann's evidence for a discontinuous transition is tude of such 2D fluctuations might be too small to pro-
based principally on the behavior of thermodynamic duce differences between h and I scans with moderate
properties away from To. The experimental hysterisis resolution, they might affect the exponent of a basically
AT/To = 0.007 (Fig. 1) is significantly larger than the 3D continous precursor.
Monte Carlo result [5], although a previous simulation It is significant that LiC6 exhibits a discontinuous

- [41 gave AT/To - 0.01. Finally, the 10% discontinuity in transition. The simple Ac,4a stacking is less susceptible
magnetization found by Harrmann [6) is inconsistent to stacking faults than the more complex arrangements
with the magnitude of the discontinuous drop in which occur in all ordered stage > 2 compounds.
intensity (Fig. 1), whereas the agreement with Fig. 4 of Random fields associated with faults may be expected to
[51 is satisfactory in this aspect. While conclusions broaden a first-order transition enough to yield data
based on universality are probably on solid ground, which fit continuous models [8, 111. Similar arguments
caution is suggested in applying the details of model- have been advanced to explain the absence of disorder-
dependent computer simulations to "real" experimental induced Raman scattering in compounds with relatively
results, simple stacking sequences, in particular UC. [121.

The discrepancies noted above may be due to dif- Another unusual aspect of LiC is the stability of
ferences between the actual U lattice and the idealized the AeyAa stacking sequence over the entire T range
models on whicr-the simulations are based, as noted within which the U is ordered [2, 71. essentially
above. Another possibility is that the Li sublattice 0 < T < To. This implies that relative to other stage I
melting does not terminate in a lattice gas. In the only compounds (and certainly stage n > 2) the interlayer
comparable case studied to date, Clarke et al [10 find C-U interaction is stronger than the interlayer U1-U..
lattice-gas behavior in the disordered phase of CsCs only interaction. This could simply be a matter of relative
if some Cs is allowed to permanently deintercalate in the distances (2.3 A vs 3.7 A for C-U and Ui-U nearest
course of the experiment. After the first heating above neighbors respectively), but that would not explain why
To, the ordered phase becomes a mixture of stages 1 and MCs compounds do exhibit stacking transtlons [13.
2, thus providing the necessary vacancies for lattice-gas and/or metastable "polytypes" [141 below ro. In this
disorder upon subsequent heating above To. Despite the context the detailed study of phase transitions in stage 2
relatively low vapor pressure of U and the presence of U compounds [2) may be profitable.

7
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new type of anomaly for stage >4. KCS shows In addition a tendency
towrd a metal-insulator transition below 40K. The high-stage
transport process is discussed In ters of weak depletion of the
Interior layers by interlayer screening. We suggest that the high
stage anomalies reflect an instability In the c-axis charge distri-
but ion.

Intercalation of donors or acceptors into6
graphite produces large changes in pe and p,,c'

IL the a-axis and c-axis resiativitise. The for-
mer has been extensivel1 studied in graphite STAG E
Intercalation compounds '20C0, whereas PC
shu ineatine matiagly se nsitit 9 andt-hes
axis carg dstibutionrinsitgh-stand c -
poundabseg distribayer scen ig -st).e on-
portd hee .asytemlaic srelg ) wf th tmpr-
port deprne of sytmtc forvsaes 1-7 th pasm
tors* e obsenere a Pcfrstve in7 thsdomin

* transport aeae betwese s tage doinast
evidncedoby aechanges fromepstietnage- 3n ,a
tiwdnced whic we tatrsite to nea-
scre eng couple wit atheiut etlint ao
wceeiconpe reitns tihey etwelshent infr

calant layers. We also find dramatic and sys- 5
tomtlIc stage dependent anomalies in pC(T), a. 2 =.. ,.
from which we suggest the possibility of a new 0
type of Instability In high-stage compounds
which is not simply the consequence of an

* . order-disorder transition.79 3, .. aW
Mesuremenzts were made with four large 2 Wo

area gold pressure contacts to Sxx0. 6-0.8 mm 3

3010-based specimens, using dc or low frequency
ac, detection and 10 mA sample current. Data 0 ________________
were taken for cooling and warming at rates 1-3 ~ 0 100 200 300
IK/alm. (001) diffractograns were checked beforeT(K

*and after each measurement. Particular atten-TW
tion was paid to the low-index reflections of
high stage compounds; only amples with <32 Figure 1.* Normalized c-axis resistivity
Contamination from unwanted stages were re- versus temperatures for stages
tained for measurement.* 1-5 and 7 potassium GCC data

figure I givas an overview of all the data for NOPG (stage 0) is included
for stages 1-5, 7 and - (i.e. RGFG); details are for comparison. Absolute values

*shown In Figs. 2 and 3. The overall dependence at 295K are given in Table 1.
* ~Is metallic (dpc/dT'0) for stages 1-4, whereas

se 5 and 7 exhibit decreasing PC with In-
creasing T, as does NOP.' For stage I dpcldT T-p0 (Fig. 2), but the Increase is truncated by
changes sign at N 4OK; pc Increases rapidly as a limiting ocCO) about half the 295K value.

Stage 7 and 1010 also enhibit (much largeo limit-
ing Pc(0) values (Fig. 1); stages 2-3 were only
measured down to 77K. In contrast to the Pc(T)

*Also HMO School of Electrical Engineering ehair reported here, Pa(T is metallic for
+ Also Physics Department
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stages 1-8 and Natheissen's rule holds approxi- 1.5
mately.161

A most surprising feature of the stage 5 STAG
and 7 curves is that at low T Pc exceeds the 1.4- STAGE
BOPG value. This deduction can be made from the 7
relative Pc plots of Fig. 1 because pc(2 95K)
is about the same for n-5,7 and -, as shown in
Table I. This is inconsistent with a series J3-

resistor model for c-axis conduction' in which 5
the K layer plus the highly charged bounding

*graphite layers have negligible resistance due 1.2-
to s-W overlap while the interior layers,
essentially devoid of excess charge due to
screening, contribute the resistance of an J J
equal length of graphite. Note further that 0

the enhancement of the low-T 0 c over the HOPG |
value is greater for stage 7 than for stage 5, O.0
whereas in a simple view stage 7 would be the C•

more graphite-like of the two. i_ 7 ,

All stages > 2 exhibit hysteretic anoma- 4 . .
lies characteristic of first order transitions / "if" '
(Figs. 2 and 3). For stages 2-4, the anoma- 09

1.0 09 .e

.:/_ 0.8 -- "/-

0.8- .i 4, -

120 125 0 100 150 200 250 300

i/ T (K) 

S0.6 -Figure 3. Expanded view of normalized

-,- Pc(T) for stages 3 and 4 (lower
4.. half), 5 and 7 (upper half).

The two vertical scales are
different.

0.4 7% The temperature dependence of 0 c for KC8
suggests the same scattering processes as in

KC8Q. 78 88 98 p from 50-300K: a linear -T component from78 8 9efectron-phonon scattering and a mall T2 com-
ponent attributable to interpocket scattering

0 100 200 300 (Fig. 2). The linear term dominates Pc to a
T (K) much greater extent than Pa, consistent with

the attribution of the quadratic term to inter-
Figure 2. Expanded view of normalized pocket scattering between cylindrical surfaces

Pc(T) for stages 1 (KC8 ) and 2 aligned along the c-direction. 1 The linear
(KC24). The insets show details coefficient also appears to be smaller in 0C
of the upper and lower KC24  than in Pa, no doubt due to anisotropic *lec-
anomalies. tron-phonon interaction. The surprising change

to activated behavior below SOK suggests local-
lies are consistent with order-disorder pro- ization but the magnitude of Pc(0), 4xlO - acm,
cesses; the resistivity increases discontinu- is still well above the minlmam metallic con-
ously with increasing T as would be expected ductivity. The upturn in Pc at low T is sug-
from excess scatterin9 associated with disorder gestive of magnetic impurity scattering via
In the high-T phase.11 In contrast, stages 5 the Kondo effect, but we do not observe similar
and 7 have discontinuously lower p above the behavior in pa(T)". The upturn appears to be
anomaly temperatures. Stages 2 (fig. 2) and 3 an intrinsic feature of the binary compound NC8
(Fig. 3) show two anomalies in the range 77- structure since we also see it in ibC8 but not
300K while stages> 4 show only one. Column 2 in LiC6 nor in KH C4. Defects introduced during - -

of Table I mnar/les the locations in T and intercalation are also an unlikely origin since
the amplitudes of the Pc anomalies, and Columns the c-exis expansion of KIgC4 relative to graphite
3 and 4 indicate the correlation or lack is by far the largest of any of the materials
thereof with anomalies In P.

11
2 and static studied. Furthermore, since pa(T) i metallic

susceptibility"'1 4 (X).  down to 10K, a parasitic Pa contribution to an

7:1



Vol. 44, No. 9 C - AXIS RESISTIVITY OF STAGES 1-7 POTASSIUM-INTERCALATED GRAPHITE 1353

TABLE I

P (295K) PC anomalies Pa anomaly X anomaly
at same T? at same T?(Refs.11, 12) (Refs.13, 14)

KC8 (stage 1) 0.0008 none none none

92K midpoint, yes, 72 no

62, first order

KC24 (stage 2) 
0.008 6 

..

125K, 12 yes, 82 no

KC (stage 3) 0.015 9K, 62 yes, 102 no
36 119 50K, 42 no(250K) no

KC48 (stage 4) 0.05 175K midpoint, no(250K) weak

152, first order

KC 6 0 (stage 5) 0.15 215K midpoint, 9(235K) yes142, first order

KC8 4 (stage 7) 0.17 225K midpoint,
172, first order yes yes

HOPC (stage ') 0.14 none none none

otherwise metallic Pc could not produce a negs- initially present in real 3D graphite are
tive doc/dT in the range 10-50K. One possibility ignored. If this intrinsic charge participates
is a true metal-insulator transition which is in the screening, along with the charge trans- ..
cut off by a tiny Pa contribution, limiting ferred from the intercalant, the innermost .
p0 (O) to a finite value, carbon layers could become partially depleted

The gradual reduction in metallic behavior of mobile charge. This would increase pc re-
from stage I to 4 (Figs. 2 and 3) must be asso- lative to HOPG either by reducing the density
ciated directly or indirectly with the in- of carriers available for diffusion or hopping,
creased spacing between intercalant layers. or by shutting off communication between adje-
From the viewpoint of intercalant wave function cent screening charge tails and leaving a very
overlap in the c-direction, the s-bandwidth small effective length with graphite charge
would decrease rapidly with increasing stage, density. Since the effective screening length
leading eventually to a diffusive or hopping is actually quite small,s very little thermal
process from layer to layer. The decrease in energy would be required to overcome the weak
slope from stage 1 to stage 4 could be due static electric field, leading to a less non-
either to a reduction in the strength of the uniform charge distribution at high T. This
linear-T mechanism or to the gradual emergence in turn would improve the c-axis conduction
of a new contribution with a negative tempera- such that Pc would approach the graphite value,
ture coefficient. The stage 3,4 and 5 data as observed. Strictly speaking, depletion
(Fig. 1) could well represent a competition be- effects are impossible in either the 2D or
tween two processes, so we focus on stage 7 for 3D model of graphite since EF lies at an ab-
which the new effect dominates, solute minimu in N(E) for space charge neutral

It is known that the free charge donated material. A more appropriate model for the
by the intercalant strongly screens the sheet n contiguous carbon layers in stage n might
of ions, leading to highly nomuniform conduc- be a 1D "cluster" of n weakly interacting
tion charge distribution in the c-directions . monolayrs17 for which N(E) exhibits local max- -

This screening is qualitatively different from Ima and minima versus E; with this model, a
the Debye screening of dilute Impurities in shift of EF in either direction could reduce
semiconductors because graphite is a senmetal N(EF) below its neutral value, yielding small
and because the coulomb and band energies are but observable depletion effects due to the
nonlinear in the density of intercalant ions very small initial value of N(EF).
per unit areas. Thus, whereas the usual Debye The Pc(T) data for stage 7 qualltatively
length LD - (ekT/2 ni q2)1/2 would be of order suggest a thermally activated process but the
100 A (e along c - 2, ni - 1018/c*3 )1 6 , the results are not well represented by the con-
nonlinear Thomas-Fearm calculation gives an ventional pc - emp (a/T) activated samiconduc-
effective decay length comparable to the car- tor result nor by a power law. A reasonable
boan interlayer spacing for reasonable ion fit is obtained with the strictly empirical
densities.' Since the calculation is based on relation Pc - A exp (-aT) + B yielding a
the 2D graphite energy band dispersion for characteristic tenperature I/a - lOOK. Since
which N(1y)wO, the free electrons and holes Pc is not activated in the usual sense, one
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should not think in terms of localized trap- originate in the orbital contribution rather
ping levels with well-defined energies. In- than the Pauli or core terms because they
tuition almost demands that at some stage vanish with H .L c and because the orbital term
pc(T) should decrease toward the HOPG curve, dominates in high stage compounds." We have
The stage at which this occurs would help to previously shown that the combination of unusu-
define the characteristic length relevant to al band dispersion and interlayer screening pro-
the c-azis transport mechanism. duces a large paramagnetic orbital susceptibi-

Stage-by-stage comparison of 0 c anomalies lity, and that X Is extremelT sensitive to the
with Pa and X anomalies and with structural in- c-axie charge distribution. 2 Our earlier
formation also suggests different phenomena in discussion of c-axis transport mechanisms shows
low- and high-stage compounds. All the data on that a in high-stage compounds also depends
KC24 can be interpreted rather simply (Table 1). directty on the charge distribution resulting
The upper anomaly at 125K is associated with the from the strongly nonlinear interlayer screen-
order-disorder transition of the ntercalant ing. We therefore tentatively suggest that the
sublattice.0 From the standpoint of carrier O. and X anomalies are associated with small but
scattering, the most important consequence of discontinuous rearrangenents in the c-axis
this transition is the liquid-like in-plane charge distributions at temperatures correspond-
structure of the K layers above 125K. Carrier Ing to the anomalies at a given stage. For
notion is expected to be sensitive to inter- stages 5 and 7 the fact that both 0 c and X are
calant layer disorder, since epr results show
that the conduction electrons interact via spin- higher n the lov-T phase is consistent with
orbit coupling with the intercalant ions. s  the screening argument. A small decrease in

This produces a substantial 0 a anomaly at the the charge density on the interior layers would
order-disorder transition which Oun at. al. siultaneously increase the contribution of
Identify as a mobility effect. 1 2  

C should be those layers to X(orbital)21 and decrease the
less sensitive to this transition since the I overlap of the tails from neighboring charge

layers are uncorrelated above 125K and poorly distributions. The behavior of stage 4 is -i--

correlated blow.1  Ts w expect, and ob- borderline in this regard since the magnitude of
serve, a small 0 C anomaly. X-ray diffraction PC is still (barely) compatible with a band
indicates that below 92K the complex stackig mechanism, its overall temperature dependence ismetallic, and the X anomaly is weak.
order of the 3D structure is rather perfect Our proposed c-axis charge instability
while above 95K the K-layer stacking (but not could in fact be a consequence of changes in
the staging) is highly faulted. 1 s The 0 a and in-plane structure. Miniscule changes in the
Pc anomalies associated with this lower transi- Fermi level state density associated with subtletion are comparable in magnitude, suggesting in-plane rearrangements (even if not true 2D
that the conduction electron wave function has melting) could affect the nonlinear screening
sufficient extent in the E-direction to sample enough to produce measurable effects in X and
the stacking disorder for both directions of Pc. The feedback between interlayer screening
net carrlfw motion. Neither transition shows and essentially 2D in-plane structural effects
up in X. These observations are all consis- could be sufficient to explain the observed
tent with disorder-induced excess scattering as weak stage dependence of the transition tempera-
the origin of both anomalies. For stages 3 and ture. At sufficiently high stage, a given
4 the Pa and 0 anomalies occur at different intercalant layer plus its screening charge
temperatures (except the lower stage 3 anomaly). could undergo a coupled in-plane/interlayer
Low temperature structural data is fragmentary transition independent of all other such assem-
for stage 3 and nonexistent for stages > 4. blies; alternatively, random thermal effcts-

ri at. al.=a recently observed the gradual could wipe out the relevant structural and/or
development of 3D order upon cooling stage 3; coulomb energy differences. In any event, it
nothing in their data suggests discontinuous will be interesting to look for other conse-
behavior at the upper 0 a and PC anomalies, and quences of this proposal, to Identify the driv-
they did not study the lower anomaly region, ing force for the proposed transition, and/or

90K. Stage 4 begins to show weak effects in to search for alternative explanations for the
X. suggesting that the confusing stage 3 behav- dramatic 0 c and X anomalies.
for again Indicates a crossover between low-
and high-stage processes.

The X data strongly suggest a new origin
for the PC anomalies in stages 4 and above. Acknowledgements: We are grateful to
Some stage 4 and all stage 5 samples exhibit A.W. Moore (Union Carbide) for furnishing the ..
weak X aomalie, while stages 6-8 show strong HOPG, and to S.C. Moss for a preprint of Ref.
hysteretic anomalies which agree closely in T 20. This work was supported by U.S. Army
and width to the corresponding PC anomalies Contract DAAG-29-80-K0019; the LRSM Central
(Table I). The X anomalies consist of discon- Facilities are supported by the NSF MRL Program,
tinuous increases with decreasing T, and clearly DMR 79-23647.
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We present the results of a band-structure calculation for the first-stage gmphite-
intercalation compound of potassium, KCs. A modified Kom3ng-Kohn-Rostoker for-
realism which was applied successfully to LiCe has ben used. To good approximation,
the KC. bands are given by those of tw-dimensional graphite folded into the smaller
Brillouin zone of KC., with T of an extra electron per C atom. The K3p states lead to a
dispersionless set of bands 14 eV below the Fermi level, and the K4Q states create an iso-
tropic, parabolic bend with a minimum 1.8 eV above Er. Hybridization of K states with
the filled C bands is fairly weak but has a noticeable effect on the band dispersion at the
Fermi level. From our band calculation we extact the KCg density of states, the Fermi
surflace, de Hass-van Alphen frequencies and masses and plama frequencies. We find
fairly good agreement with the experimental de Has-van Alphen frequencies, but our
calculated density of states at the Fermi level is smaler than that obtained from low-
temperature specific heat. We compare out work with other experimental and theoretical
studies of KC*

L INTRODUCTION the additional advantage that, besides LiCe it is
structurally one of the simplst and best character-

The intercalation compounds of graphite are ized intercalation compounds. Also, KC. has been
highly anisotropic metals which consist of a regu- particularly well studied by a variety of experimen-
lar arry of n carbon planes separating planes of tal techniques. Many of these experiments have
some foreign species (eg., Li, K, AsPF, SbCls, Br2), been interpreted in terms of the previous theoreti-

* n denoting the stage of the compound. These com- cal band-structue calculations6-' on KCj. We will
pounds have been the object of great experimental provide a thorough reexamination of these mes-
and theoretical interest in recent years I- 4 because surements in light of the present work.
of the trenendous chemical variety they offer, be- The remainder of our paper is organized as fol-
cause of the different ordered phases which they lows. Section 11 discusses the crystal structure and
display, and because of the unique competition in symmetry of KC, and the model one-electron po-
their binding properties between covalent, metallic, tential which we use. Section I presents the
and electrostatic, non-muffin-tin KKR formalism for the band-

This peper presents the results of a band-struc- structure calculation. The energy bands of KC
ture calculation for the ssturated intercalation are shown in Sec. IV, and Sec. V gives the KC

compound of poessium, first-stap potassium gra- density of states. Fermi surface, plasma frequen-
phite, KC. We have been motivated by the sac- ties, and de Hans-van Alphen frequencies and
cesful earlier calculation for firt-atage lithium masses. Section VI discusses our results in terms
traphite, UC6,' by the availability of other theoret- of a number of the experiments on KC,.
ical studies6' of KC, and by the question of the
degree of occupancy of the Ks band. By applying

. the identical modified Korringa-Kain-Rmtoker . CRYSTAL STRUCTURE AND POTENT L
(KKR) formalism to KC as was used for LiC,. we
hope to follow the chemical and structural trns The crystal structure of KC,, shown in Fig. 1,
for different members of the alkali metals and to has been firmly established by experiment. It
povide a further test of the formalism. KC, has consists of alternate layers of potassium and car-

25 4110 @ 1982 The American Physical Society
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.C ATOM
0~ K ATOM

PRIMITIVE TRANSLATIONS

9L IF

(a) (b)
FIG- 1 (a) COnvmztonal faCe-cetered orthorhomnbic unit cd0 for KC. (b) Top view of the IC, strutur.

born. The carbon layers form an open hexagonal ically distinct C atoms; half of the carbon have
ne-a in pore graphite; the neareat-nuighbor car- two potassium neat aghbon, the other half
bon-carbon separation is 1 .42 1. Adjacent carbon only owe- All of this symmetry information is in-
layera are in registry (14-A stacking) and are dispensable for the accurat alculation of wave
separatted by 5.35 A. K layes order in a triangu- functions and matrix elements (Appendix C).
lst lattice such that a potassium atom lies above The one-electron model potential is constructed

* the center of every fourth carbon hexagon; that is, by the superposition of spherically averaged
* the potassium atoms form a 2 x 2 superlattice. atomic-charge densities for K and C Slatter's Xa

Adjacent K layers are staggered and begin succes- approximation to the exchange and correlation'2 is
*sively at each of four possible origins denoted a, ~, used, with Sehwan's' 3 Values Of a.0.721 17 for K

yand &. Thu the intercalant layer sequence fol- and a-'0. 75928 for C. Atomic calculations are
Dlows the pattern rt~ . . .. carried out usin the H~artree-Fock-Slae self-

Thie space-group symmetry of ICC. is Fddd consistent-field technique a developed by Haman
(C24).106 IThe ravai-lattice type is face-centred and Skillna.1" We use the following atomic con-

o _o1obc Fgur I outlines the conventional figuraitions:
orthorhombic unit cell which contains four prini (d: s2'2.~
tive unit cek Bue" translational symmetry C-L:l2t2p+A
opertions, these are eight operation which lave(I: Zb2p 2j
twodgaptos hog ot assiumatoinver- Thw ele: the no p' hyriiato of tea

* dion, and three distinct diamond-type glide plaes. bonding state of carbon and the presanea joma-
The poit group about each K site is 222 CD2), and dion of the potassium intercalanst in the crystal.
about echb C site it is 1 (8), the trivial group.
E ach primzitive unit con contains two K atoms and L OKA U
16 C aoms The two X atoms are equivalent by The large anisotropy of KC. dictate the tech-
symmetry. However, there are two cryaiflograph- nique which we use to solve Schridinges equation,
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for our model potentia Fgur 2 shows, the cry.- 0 ----r
fl potential at carbon end potassium sates along OItU
several direcions. Even wihbin the C and K atom-
ic spbee this potentis highly nonaphericaL and

."auree the use of a conventional muffin-tin
*~ ~ ~ W -.(1 WapOWzidMta We have modfied the stand

adi muffin-tin formulatiom of the KKR tech--_
niquels-1 to accutately calculate the eigeataes
and eigenvahens of each a system Our method,

* applied recently to LIC. (Rd. 5) sad developed oen-
ginaily ~ 1 byPitr"StU relies on the separaton o

the crystal volume itow muffin-ti and in tt>
regions. In KCs th cabo muffin-tin (CMMf
spheres awe chosen to tUch (F. m7l A), then

* theO potassiums muffin-tin (Mfl sphe e re -
01111W oto lto-I -uffintim - rKxw-2.34
A). The muffin tins contain 55% of the crystal

* ~volume. roe crystal potential a then divide into I

twoprw. V,7(T)-vjrV)+AV(I). v11y(V) 1 2 3 4 rmT 5
isthe fuflpotentialiinidsthmuffintdoe, aoon- K SITE r (oLL)
stanm (VgI - -0.954 Ry) in the interstitial voue (a)
The igenalues and aigenvectos for the muffin- 0 -, --

* tin parn of the potential VmT$r) w obtsined from
a KKR secular equation

4a. is the invese scattering matix VV.F'L i

ind ntcall, 1n~o are angular momentumt
idcsadtewi c wcomponents of~ the

KR U' ipmtici Appendix A describen the de-
asof thi clultin The enegie ari wave

luicticas obtained fromn Eq. (1). Buxm d>
useF) r dn=d in a second secular

-10

wo etaAV) isthe assx eou toaVL e

*twi the KKR wave functiogas I rM 2
A. Sr r (o~u.)

(b)
(3) FIG. L Madi Onecrm erasa potenta far KCI

(a -'d h K atom in diffesentm -sighbor
Appendix 3 explains in detall the calculation of dirweloa, sod Mb woed the C siom In diffieen
Owe KR wa-ve fimctiownd d th numerical neses-aIghbor dirsetioes Thw muffin-ti no euire in.
metbods used for the integral in Eq. (3). Diaglonal diesosi
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ization of Eq. (2) Siva the final energy bands and shows the u band shapes to be quite similar to
eigmfunctions for this calculation. those of the folded bands. The 16-eV width of the

c bands is correctly predicted by Fig. 5, and the
band degeneracies indicated on the folded bands

IV. CALCULATED ENERGY BANDS correspond in each cue to the same number of
narly degenerate bands ina fg. 4.

Equations (1)-(3) of Sec. UI allow us to find A closer comparison of the KCs bands with the
the energy eigevalues E£) for any wave vector folded twodimensional graphite levels also reveals
in the Brillouin zone. In the present calculation important difterences. While the lowest-energy r
we have determined the bands in a 40-eV energy bands of KCq have the same shape as those of
range at the high-symmetry W points r, X, Y, and graphite, the poitioa of the r bands relative to the
Z and along the high-symmetry directions Z, A, or bads is about 2 eV lower than in graphite. This
A, and 1-14 points in all, as shown in Fig. 3. is consistent with the expectation that the energy

Figure 4 shows the resulting band structure for of the r states, which extend away from the car-
KC. The bnds are labelfd ccording to the ir- ban layer, will be lowered by the attractive potassi-
reducible pswntation thg~r mp of EX- m potential. Around the Fermi level, thepr-
cept for the set of dispersionls K 3p bands at m of potasium also has a significant effect on
-18.9 eV, the bmds drawn as solid lines up to an the r band shapes, and the splittings of degenerate
energy of shout - 10.5 eV come from the v(sp2) giphite levels are greater than I eV. The effective
stas of raphite. Up to an nergyofabout -5mamms of the r bands starting s " and a r,
eV, bands derived from the r bads of graphite are states at about - 5.1 eV are reveied from negative
d hed; above this energy, the r bands mix too to positive by the interaction with potassium states.
much with other states to be distinguished cleary. For energies higher than -4 eV, the picture of the
On this band structure the Fermi energy of gra- KC bands as slightly perturbed graphite states
phite He at priniately -6.8 eV. bhoa down completely.

Many of the KC. energy bands at and below the Besides disturbing the carbon agenstates, potras
Frmi levd can be identified with the v and o sum introduces entirely am bands which originate
bads of d graphite. This identifi- from K atomic dLs. The core 3p satn of potas.
catu is made cear by comparing our calculation sium manifest themselves as a set of six almost flat
with the KC, bands in the "folded-band" approzi- bands at - 19 eV. Although they lie within the a
mation, in which we assume that there is no in- bands, they interact very little with the carbon
teraction between the carbon layers and that the K planes and remain corelike. The valence 4s level of
potential is vanishingly small at the graphite potamum appears as a parabolic bnd with its
plane . Under thee conditiom the KC, bands rinimum, at -3.5 eV, about 1.8 eV above the
have no k dispersion and ae simply gim by the Fermi level. The band startn at the r, level at
bands of twomdimmional graphite folded into the -2.9 eV is another piece of the K 4 band aising
KCs Drillonin zome; f 5 shows the reult of such from folding in the k, directi. Although then
folding applied to Naayooi's" graphite bands. bands interact significantly with graphite levels,
(The zwou of enegy in Figs. 4 and ae ot mdst- particularly along the I direction, they largely re-
d. Comper this with our calculated KC bands tain ther Ks identity throughout the Briflouin

zane. In contrast to the graphite state, the K 4s
bands have sinificant dispeion in the k, dire-
ion, which is consistt with th metallic, isotro-
pic, plane-wave character.

V. PERM-LEVE PROPERTIES

.- In order to obtain the shape of the Ferm surface
y" and calculate the optical properties of KC, we

need to know the ener bads on a f e mesh in
the rillown sane. It is, however, not feasible to

FIG. I Drigaa som of KCp Spoolsi pand use an ab flid. approach for this purpoe Ther
M ss we " am to Rd. 18. fore, we have fitted a tight-binding model to our



4114 D. P. DiVINCENZO AND S.RABH 25

(AO) AS9I3N3I.

C9.1

Cc La

I Slt U

l' T

(41) ASM3



25 THEORETICAL IVESTIOIATION OF THE ELECTRONIC ... 4115

(fl-T 0.) *15* *1

033

0, 015-021
-73 -4-34-

(2) __9ENERGY ( *y)

I0C(4 1 FIG. &Denisity of states of KCg a determined by an

-09 41 (4LCAO fit to the first-pancwiples energy bads (Fig. 4).

(4-15 duesty of stats is very similar to that of pure pra--
-12-_16 phite2' with the band minimum at - 6.9 eV and

Cd1 2 the peaks duh tothe saddle points at Mat - 8.6
14and - 5.0 eV. TheKX4r bond shows ashaoponset

in the density of states at about - 3.0 cV. By in-
-1.2 tegrating this density of states, we deternm the
.( 22 Fermi leel shown 4p- -5.23 eV. This lies-

__1 ________ about 1.4 eV above the graphite Fesgin evel, near
Y I Kthe upper AVpoint peak in the density of states.

FIG. . Enrgy g~*~of ~The 4s metal band lies about 1.8 eV above Ep..
(Rat 19 fodedint th umfle Drlioin oneof wo- According to this calculation, the density of states

---------- i KC, a hand am soli lim. r w at the Fermi energy is 0.2 states/C atom eV; the
dashed Mwe Wme shows the relationship between the value observed froma specific-heat measuruflemn

grali wWK@zo is 0.33ssta/CatomneY. We will examine this
discrepancy in Secm IV. We have also used the
LCAO fit to the KCs bands to calculate the Fermi

*KiK reulita. This model uses C r and K s orbi- surface, shown in Fig. 7. The surface consists of
tab and includes flint-, seod, and third-neighbor two electron sheets centered at each of the six

* inteactions betwe@ in-plane carbons, one carbon- coren of the Drillonin zone. The sheets are
c"1bo interplane interaction, nearest-nesghbor C-K riighl triangular and show rather small diaper-

,Inteactons, and first- and second-neighbor K-K mion in the k, direction, in reasonable agreement
* ~inuesectia.. The two-cente approximation is used with the Fewm surface in the two-dmensional

in this calculationO These matrix dements (13 in rigid-baud model.' Even though the metal band is
* all) were adjuste to minimize the disagreament completely empty in ou calcul~ation there is the
* wit~h the ab hnfit KiK calculation near the Fermi poemsbility of a thir pocket of the Flermi surface

level. The resultig fit matched all the C r bands cantered at the r point in the Drillouin zone result-
and Ks bands to within 0.3 eV, and aed with ing tramn the distortion of the r bands caused by
the K"c band in the vicinity of the Fermi energy interaction with Ks band. To within the accuracy
to within 0005 eV. of our calculation the Ft level is degenerate with

The simplicity of this linea combination of the Ferm level; therefore our calculation is unable
atomic orbitals (LCAO) model allows us to accu- to determine whether that portion of the C r band
rately determfine the KC$ density of states, Fig. 6. will contriut a Fermi-surface, pocket, or how
This calculation uses the histogram method to do large it will he. We can establishi bounds on the
the density -i on 31004 points in the Drilicuin size of the aheet:- Taking the overall accuracy of
zone, with an en er s olution of 0.06 eV. This our calculation to be 0. 1 eV, this portion of the
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z1.0/

ta

.1 /
A

* FIG. 7. (a) L~we and M upper band Fermi surface k M
* of KCs as derived firan owr LCAO interpolation of the0
* KCI bands.

Fermi surface wigl be spheroidal andl will caon
no more than 0.06 ectorona. In the present calcu- FIG. 3. Itrmal cr.sections of the Fermi surfacs
Waio, it is unlikely that this pocket of the Fermi in the Wa k, -0 plane and (b) in the k, ms/c plans
surface will connect to the other shescentered at
the corner of the Drillonin zone. The presence or

*absence of this portion of the Fermi surface could The partly filled C r band makes an intraband
have observable effcts, as we shall discuss lawe. contribtion to the dielectric tensor, which for in-

Figure 8 shows the earemal rossections of the finite lifetime carrier is Of the form
Fermi surface normal to the k, dirction. Therem~ ~
ane two orbits in thek, -0 plae and two in the El W I m+ LW- 4

* k~mwfc plane. These orbits do not have trigonal
* ~~~y''ety a pindict by the rigid-band umWde be- The plasmafrequency tenso is given by an in-

Come of the detals of the tr-dmnialstack- tWgm over the Fem surface." Decaus of the
in3 of the K layes (iUe4 the fact that the crystal orthorhombtic symmetry of KC5. the plasm fre--
stucture is orthorbombic rather than heugonial). quency hos three indlependent components a=,
For each of these orbits we can calculae the de in,,, and ,. Measurenientsaon highly oriented py-
Hans-van Aiphen frequencies and muses.5 3 Asa ralitic grphite (HOPO) intercalation ompounds

* shown in Tabl 1. these frequencies are. very close are only capabl of tonurin two amonews:.
*together, reflecting the two dimensionality of the we -owr and as' f(wL +oi,,). We have calculat-

Ferm surfame Thes frequencies compare fairly ed aln of these and show them in Ta"l L The an-
well with the single obervd do Hass-van Aiphien isotropy of the plasm frequency is very brge,

*frequency in KC,2.9X 10 2 4 a1 /wz.l0'. Althouhthe ex cvalue of thisr
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TABLE I. Calculated Ferimi-level density of states, plama frequencies, ad de

Ham-va. Aiphen frequencies and mamo for KCI.

Lower band Upper band Total

NCR,) (states/CatommeV) 0.2
. Ca) 3.0 3.0 4.3

(evCa) 3.1 3.S 4.7
m-a, (MY) 0.27 0.10 0.29

we (OY) 3.1 3.3 4.5
d~vA frequencies (G)
k, -0 plane 3.7X 10' 4.7x 16'
kmr/c plane 3.7X 16' 4.7X 0
dHvA tmma. (me)
kg-m0 plae 0.51 0.70
km VIC plane 0.51 0.70

tio cannm be detemined with great precison by higher dhat what we predict Inoshita, et al.'s cat-
our LCAO fit, it is certainly, much greater than the culated rasul, N(Er)-0.27 stntea/CatconeV is
value m./,= which Zanin an Facher26 have significantly close to the measred value, althought
derived froum polarized reflectance measuremnts. the discrepancy is still substantial. An attnmpt to

account for this discrepancy by a specific-heat
enhancement from the elcrnphonon interaction

VL DISCUSION AND CONCLUSIONS wa unsccessul. An estimate of NCRp) may
also be maode from magei susceptibiit omms-

Many recent experiments on KC. have beow a- urenuis on KCA'6 The total smscepiu~lity was
terproted usig the calculated band structure of found to be X'. 138 X 106 cm3/mole An alt-
Inohita s ' and Ohno, et an1 A comparison of mate of the coredamgei contribution to X9

*the results of the pesent study with their results was given, as X0- - 52x 106 cml/mole, and the
shows that although the positions of the bands orbital susceptibility nobtained from a tigt-
nort the Fermi level generally agree to within binding-model calculationP was X--73x 106
about 0.5 WV, nevertheless the Fermi surfaces awe czn3/mole for unit charge trnsfer. Using these es-
ropolal y quite different. In particular, the ear- iaeteauisceiiiymybeerced

* tier work has a Fermi surface containing both X,.X-- -X-.ll7x 10' cm1/mole. This
cyhndrcal pieces at the zone corners and spherical coresponds to N(E,)-0.45 states/CatomeY, well

* pieces at the zome center, and these pieces are per- above the value obtained from specific-heat me-
* tiday connected. The Irsn studying contain suremmnts or from electronic structure calculations.

cylindrical parts with at most a vesy small, isolated Renut spin-susceptibility measuraments on [.iC6
* pocketat r. suguetm that the problem is that the calculated X-
*Several of the experiments on KC9 suggest that is too small by a factor of 2. Although this lends

states at the Fermi enemp have Ks chaacter. We to a more reasonable prediction for N (R,), it is
caution, however, that having Ks states at the ea. clear that susceptibility cannot presently provide a

mlevel could result ihe from a partially file reliable prediction for the densty of state in KC,.
imetal band or hybridization of metal s state with Masurements of the do Nm -van Alphen of-
the C r bands near R,. Many experinments which fact in KCg are quite difficult becamse of smple
awe capable of detecting deviaticns from rigid-band quality and the high frequency of the predicted ca-
behavio ano distinguish bewe thespossibW-i u=na orbits. Theoone scefuexrint'has

*ties. With this in mind, we now review the aiperd- observed a single frequency a 2.9x 1610. This is
mental dat and their interpretation in light of the in reasonable agreement with oither the extrinal
presen calculation, orbit frequencies roported how or the extrma or-

The density of states at the Fermi energy as bit of the Woneodge pln of the Fromi surface of
determined by o-tpeteseific-ha mess hmna st a 1. Thei calculation, unlike oure
uMIINan' is, is mentione earler, .nbamtafy predict a number of lower frequencies which have
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not been repoted TABLE IL. Opticialeomo ndl. and pntiple low-
Severs] measurements of the visible and newr- eaua caical-point tranitions at the r pon in xC,.

inrared reflectivity of KCS have been report. 2 .3

For Le., a high (z95%) reflectivity is observed up Optical selection fain at r
to about 2.2eOV, then a sharp drop with a mii
uan at 2.5 eV. This, of course, supports the ac- 14..J3- 24
cepse view of KC5 as a nieal, and the plasma fre- I +A4- A2
quency obtained from a Drude fit to this rflectivi- *2 + l
ty. .,-3.S eV, is in roog agreement with the Me3- -4c3
plam frquency calculated here w. -4.S *V. 3J2 + 4
However, it wan also found that a much better fit
wan obtained by including3 tw Dx tem6sg Trassitio at r' AS (Co)
geating that there are two different types of car-_____________
ress in the KCg conduction bands. Similar Drude 4---.a+ 3A4
fits to reflectance mesourments with !I c suggest 4---.1+ 3.5
that one df these two type of carriers is rather too- 3---02+ 3.5
topyc. Theme conclusaomas althwoug modal depen- 4+-.!- 3.8
dent, lead to a resonable prediction of the small 3+-*l+ 3.9
anisotropy of the electrical conductivity in KCI 3+-*l- 4.1
(U*/Uoz A."3 Therdore, reflectivity dae lend 4+-el- 4.2
strong support to a partially filled Ks bend an mug- 4+.2- 4.3L
Ved~ by Inoahita and O * mWc-w~e We --*2+ 4.1

*believe wae much more detailed and definitve in- .
* ~~~formation could be extractedi from reflectivity _____________

mesrmnts if the dielectric function could! be
obtaineid from Kzamers-Kronig analysis. critical transitions at r in our KCg band strctre

The HallJ coefficient is verny small in KCg Recent EEL meazuruents by Rnasko3' have ao
(RN -l/R,.-7.$Xl102 can at romtim- provided los function and dielectric -ouatdata
peraureN, sad it changes sign from a yp to p for 0.2 -300 eV. In thes expeiments the core c-
type between room temperature i K- Since citation spectrum of C ts electrous han been used
the Fermi surfae of Ioshita et al. contains both to probe the nature of state war the ferm level.
hole and electron orbits from a free-electron model, These spectr are found to be much ore complex

* it has been inferred that it is capa"l of explaining for KC, then for LC* Sincer LICG is agreed to
the Hall data and that the rigid-band Ferm sur- hav only C r state at the Fermi level it han bee
face (or that of the preent study), which conitains argued that KCs must therefor have metal s stae
only electro orbits, is not. However, taking into at the Fermi level resulting either from a partially
account the curvatue of the Fermi surface a is occupied K band or "- hybridisation. This con-
important at low fieds, within a simple model," clusion cannot be considered firm, however, until

* the small value of Ra at low temperatures can be the effect of the cor exciton" is accounted, for. In
explained. In fact, a much more sophisticated any cme, the interpretation of both EEIL expe-
analysis would be required to predict the T dqaen- meats would be greaty sided by a theoretical cal-
dence of the Hall data. culation of the dielectric function from the band

SevmW independent electron energy-lous men- structure
surements have been performed on KCs. Hwang Qelhafen and co-workers have performed a care-
and co-workers have measured the electron ful systematic study of ultraviolet photoemiuson

enrg-los (EL) spectrum up to 40 eV, and have spectroscopy CUPS) spectra for the alkal- L
extracted the loss fuction and dielectric funiction. mnetal-intercaaton, compoundiE The: shape of
The reulting e2C1) shows that the strong interbsud their photoemlasio spectrum near the Fermi e-
transition at 4.5 cV at the Mpoint still appears in gy for KC& is similar to the densty of states
KCs, but is shifted down to about 3.8 eV anid presented herm However, their analysis of the
bradened. As we have remarked prevousy,3' and shape of the spectra an a function of the exciting
an shown in Tabl IL this structure at 3.8 eV can photon energy provide a strong indication that Ks
be identfie succesflly with a set of interband states Bie below 5,p. They have also supported ti
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view with positro alniatio studiesa. Still, a loweing of the ri' level lying at the Fermi level,
similar UPS analysis, which they have perfamed for example, could introduce a new portion of the
on second-stae potassium graphite KC2. also in- Fermi sudace at r, changing the topology of the
dic that only partial char transfer has oc- Fermi surface.
curred. This as in diapreement with the interpre- Despite these possible difficulties, our calcula-
tation of a polaried rdectance measuminent on tion should be judged successfu on several points.
KC24 by Zanini and rlacher, 9 which implies that The validity of the rigid-band model as a global
there has bun full charge transer from the K description of the filled valence bands of first-stage
layer. potassium graphite has been established. At the

So, it appears that, while the evidence provided same time, it has been demonstrated that small de-
by exeiments on KCs is not conclusive, it is viations from the rigid-band model near the Fermi
nacessmy to consider the possibility that charge level can lead to both qualitative and quantitative
tander from the potassium layers is not complete, deviation from the rigid-band predictions. The
and that stam with Ks character exist dos to the present calculation predicts for the first time the

Fermi level. Since the psent calculation does not position of the K 3p core states with respect to the
predict partial charg trander we mut understand Ferni level, and confirms the picture of the K 4
why it does not and whether our conclusion could band as isotropic and free-electron-like. For the
be affected by my of the approximations of our theoretician, our calculation provides another
calculation. In fact, there is evidence that if the demonstration that modified muffin-tin techniques

appoimatiom made fo the r potmtial in of band calculation can be used successfully for -
"

the prsent calculation could be lifted, then the to- highly anisotropic materials.
poio of the Femi surface and the nature of the Now added in pvof Remt work on KC, by

Fem -le states could be modified. This evi-Rtsoadrck 4 cmbngELadUP
damce is provided by a new calculation for LiC5  measurements suggest a peak in the Ks density of
uing a sel-consistant potential and with the states of 2.0-2.5 eV above 5,, in good agreement
jHdin-Lumdqviat local approximaton to the ex- with the present calculation.
chag and mm lation potentiaL Previous theoret-
icalwrlr%41 on LiC reed a &on-f-cmuisteut po-
tential with za n and corlation as in the ACKNOWLED ENTS
proen paper. Compaing the two diffent calcu-
latios on lithium plpate shows that the m-
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ably the K4# band will also be lower when self- also to John E. Fischer and the graphite group at
consistency and differet exchanse and correlation Penn for many stimulating discussion. We are
ar used. if the metal band lies closer to the Fermi grteful to the Moore School Computing Facility
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bands due to hybridizatimn could have large effects tract No. DAAG/29/80/K/0019, and by the IBM
on the shape of the Fm! surface. A further predoctorl fellowship program.

APPEDIX A: MODIPiE KI= FORMALISM

In this appendix we prset the expressions used to evaluate the KKR secular matrix, Eq. (1). The Ham-
iltocian marix eements.4 and M Ae straightforward etensions of what has appeared in the liter-
tUre1"'4 generalized for many atoms per unit cell and for noaspherical muffln-tin potentials.

4-'(5), the KR scattering or reaction matrix, masum the strength of scattering of partial waves of
eonVe at the muffti-tin boundary. It is given by the expression

(AlD-
LM

where

I " I/ li -1
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dSW dRV.E )L(ICr)

sadr

us,(xr) fa the I a funcW me, J,(xr is the sphericaI Bond finatims and RAfIrZ, F) is the solution to the
tadia Schr~dlnge equation at site fi

&1fui [- ri trr'f (X))+ 43A1(I+1) jEritaf i(Zn

+rarm.(Zin f 0~S().UnTi()~m . (M4)

I, indicateanaupar imepalabout te f. We salve(A4) oi l:2 by thNoamv sscbuqu&:4 FuOR
m of poup theasy is amade, so that (AM) is evaluead for the minunum nother of diff~ ska Fti e nd for

the nminma so m, (m Appeniu 0.
The shtawm mati M(. Li s a&par*l gaeatical quanstity which describes the projaciam at&a portial

v;weatite a atherpaftial wave at mothersite i'. It is Wm by 0

whus tas a ral lattice ysir, nd the pri m cs thechimcb attheT=O Wrm Nhrm. as - by

Nir4 =1i-).-X~;r*wp f )Y )Y.gPF (A')
LN

K the acelarso w v ecW (2nif£ IA /l)4 and ml is again thet Nammans (unctin In prcticethe ul
spe -om in (AS) am u-g too slowly far practical calculatiam. We thaefdor apply the Ewal pmo
cadure"6 to CAS), umdunag pust of the - Intho recirca space. The result is

LA t
whaee

OuVPr WLI K+6I~~ K (vs 42 +-s5t (AS)

XjwN UO (F~~ ~U..4~.I~+W Z/Uff(9

,z T'Iui~± j~v.LONO Li

and

v'tc is the volume dt the real-pac unit call. For q mo.22, the -em converge in a f&w humdred te-
whic is qu pmuctical for actual caludlats 7he KJEX sm'values mr gOve by the roots dt the eto n
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dot A- 1 (~)+M~,R~J-o.(A12)

We dow the resulting Ei() in Fig. 9. This 82X 82 determinant can often be blocked diagonalized by us-
iag symmetry (see Appendix C.

The cienvectors of the secular matrix at the energies Ed, w., give the KKR wave functions within the

Agan a m r rpidl converteprsins obtained using a Ewald deompositin

~ '~r- 1m ;z';1 w.L

,, =i Yl E+ I

(AI4) " ',

An Ewald parameter ofq=0.8 was found to give the best results. Epion (A 14) provides a starting
pIt for the calculation of the matrix elements of AV (Appendix 3).

APPENDIX 3: CALCULATION dimensional Gaussian quadrature algorithm4 ap-

OF NON-M0UFFD-TIN CORRLMONS plied successively in the three coordinate di-.
oe; that is,

In this appeadu we give the details of the val--
tindon of the matrix duiment of the resdu acystal f f(VwdY=z WfSIUIIW (JI
potential AV(P) be&we - Xx wave functin I w ji~ ~ g,~.~ 1
V."(k, ). The calculation of the KIK wave (312)
fctions is outlined in Appendix A, and AV(-) is
deterined by subtracting the constant muffin-tin ivj " is the on.dinnional Gausian weight. The
potential Vuq from the model crystal potential omauional integration regions of (32) were
VO( in the intertitial region. Because of the chos carefuly so as to avoid discontinuities re-
symmetry of the wave vector.,.1 we we able to salting from the irgular geometry of the integra-
do the nerlnd Eq. () in or at mat L of the ton regm The interated reder should see M
unit cell (see Appendiz C). Abs since A VM is 43 for details. Ords containing up to 60 points
-e within the muffin tins, the integral ais urt- we tested, and from these tests it was determined

ad to the interstitial region This is not much of tht a grid of 1675 points provides adequate con-
an advantae because, a Fig. 10 shows. this in- vergece for all the relevant matrix elhlents
tegrationmO uis highly irregular.

We adopted a very staighW ward procedure for
0a8lustng A..; we app unMad Eq. (3) by X sra z ATIN

In this appendix we discus the ue of symme-

(1) try in our calculation. Symmetry naturly is in-
dispensible in sorting out our results and in reveal-

shwh or, are the weights of the integration paints ing their physical significanc. On a more pnact-
rpl. Ths points we choen af a one cal level, it helps to reduce the extremy lengthy

.. .. ..I; ; ; " ..:. . . ... .
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an asphere of radius jV4 for every site F
First, the symmetry of the crystal is such that
there are only three inequivalent sites in the crys-
tal, two C sites and one K site; therefore, (Cl)
needs to be evaluated for just three values of F.4 Further simplifications result from the point-group
symmetry about each site V. In KC,, C sites are
not at centers of symmetry, so no further reduction
is possible. The point-group symmetry at K is D 2,
which. is of considerable value in doing the in-
tegraL Since D2 has four group elements, the
sphe'ical integral needs to be evaluated only on;
of the surface of the sphere. Other properties of
D2 permit us to reduce the number of integrals cal-
culated. Since we consider partial wave scattering
up to 1-2, Eq. (Cl) represents

FIG. 10. The irresducible sector (I-) of the KC, umit 2 1
atl. The carbm and potassium muffin us an shown. 81- (21+1).Now the iffqpft Of" the interstiia volume, in which 1=

the integral for A.(S) must be perfomed
integrals. Because of symmetry, many of these 81

numerical calculations required for our work. arezero, and a y are related others. We
Most of the computer time is spent in the evalu- proceed by replacing the spherical harmonics by
tin of matrix demnas. Group theory tells us the spheical polynomials which transform according
smallest possible set of matrix elements which to the irreducible representations of D2 .' These
must be evaluated. When the matrix element is polynomials me exhaustively catalogued by Bell.47
given by a sum or integral, group theory also gives Using this procedure, we reduce the number of in- .

us the smallest posible domain over which the tegrals required from 81 to 9, and we block diago-
su- or integral must be perfomned. These two ap- nalize the 9 x 9 matrix into four blocks of dimen-
plicti of 1up theary make the IKC band- sios 2, 2, 2, and 3. These simplifications improve
structe caluldtion trectible. the accuracy and speed of the calculation of the

We now give several specific uses of symmetry KIt scattering matrix considerably. -
properties in our work. The determination of the An application of the space-group symmetry
KKR scattering matrix (see Appendix A) requires leads to a block diagonaization of the XKR secu.

* the evaluation of the integral Isee Eq. fA4) lar matrix. The term of Eq. (1) may be looked
upon as matrix elements of the KIK Hamiltonianf l ()V,,h,(Fv)Yh,(f.)d~ (Cl) between KKR basis functions:

*.-. where the KIK basis functions are those implicit in EqL (AI3:* x? ( ',,)_ ,i.(V+Y) [_n/(gI_; V-V- )Ya iFFT "l 1C31)

This treatment is somewhat schematic; although For high-symmetry points, we can block diago-
(C3) is not actually the basis function used for the nalize (C2) by applying to the wave functions
KKR matrix elements, it displays all the symmetry a projection operator for an irreducible
prperties neceary for this discussion. represeitation of the group of k (Ref. 43):
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r (C)r OC)tions which can be made in the matrix elements of
l X, D (0I b)) AV, the non-muffin-tin part of the potential [see

(5) b(EG( k Eq. (3)]. First, because AV(r) transforms accord-

x((P b)#$ V(Zfn), ing to the identity representation of the crystal
group, there are nonzero matrix elements only be-
tween those KK.R wave functions n and n', which

(C4} transform according to the same irreducible repre-

-
sentations. This property of AV also tens us that

where D.')(P 3 b) is the mm element of the ma- degent KKR eigenvalues are not split by the 0

trix representing crtal symmetu operation (0 1) p-.on

in irreducible representation r1 ( k); these are all In addition to these selection rules, symmetry al-

given in Rd. 18. Details of the actual projection lows us to reduce the region of integration in (BI).

on the functions (3) are given in Rd. 43. When The integrand is invariant under every symmetry
the KKR Hamiloni is expressed in the sym- operation of the group of k. Consequently, if the

metrized basis (C), the matrix is block diagonal- order of the group is Sa, then the integral need 0

ized, making the diagonalization more rapid, and only be done over Ilg of the unit celL For KCs,

eigenvalues and eigenvectors more reliable. this means T of the unit cell for wave vectors r,

As a final example of the application of symme- X, Y, Z, Z, A, and A, and "- of the unit cell for

try to our calculation, we mention the simplifica- wave vectors A and B (see Fig. 3).
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Elcrnic properties of graphite- A unified theoretical study
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We have calculated the electronic structure of -' graphite using the
modid fust-principles Korringa-Kobn-Rostok-r tcbnique developed for and applied to
the intercalation compound LAC&1 Whereas pre' mus calculations of the electronic hand
structure of graphite provide explanation either 'r moderate to high-energy eanitation
or for low-energy and Fermi-surface properties, we find excellent agreement between our
results and experiments i both regimes. Our o, ilysis of the bend structure is based on a
comparison with experments of predicted optic. I ransitions, values for the Slcnczvws-
Weiiis-McClure parameters which we obtain fromr & fit to our bands, and Ferni-surface
properties. We also present a density of states far ow-~ band structure and several
comsautenergy surfaces. Out discussion includes a comparisons with other theoretical
wOrL

L. DM~ODUcRION the above calculations. In the second category of
thre-diensinalcalculations. a much wider aner-

Crystalline carboni in the form of graphite is one Sy rag and a much larger portion of the Dril-
of the mont extensively studied materials both ex- lui zone is covered. The methods used rnge

* ~ ~~ Perimatally and theoretically. Because of its lay- from TD,'? LCAO," en o8ail, 3 to oinu-
*ered structute with a relatively large separation be- ]sr."t While higher-energy optical poperties are

tween layers, graphite is often modeled as a two- potentially better predicted, in geeal, thee calon-
dimnsional solid. This is very convenient for cal- lations are not sufficiently accurate to provide an
culations anid has been studied with tight-binding adequate representation of the Fermi surface.
(MB),'-6 linear combination of atomic orbitals, The above classification also applies to experi-
(LCAO),7 orthogonalized-plane-wave-tigha- mental techniques. The Ferm surface and Ferm-
binding (OPW-TD),"- gateralixed OPW,1'6I self- iurface parameters have been studied by de
Consistent extended Hick,' 2 exact exhneHms-van Alphen efect's52-2 mognetoreflec-
Hlartree-Fock,13 and other, techniques." The_ tion 5 cyclotron raomanc, 9 mantcsusCepti.
single,-layer model necessarily ignores nterlayer in- twilityn anid various other techniques, 3 2 while
teraictions; which introduce band splittings of higher-energy properties have been measuredusn
roughly 1 eV and introduce important structure photo mission, scnayeeto msin 3

near the Fermi level. Thus low-ieerg optical pro- Slectron apecdroscop for chlaical analysis"- 39
perties, transport, and other fine-structure-diepen- soft I rayS; ecto- Nery mos,"neci-
dent electronic properties are not adequately ty,62-4 thermordlectivity, 45 optical absorption."
covered by thsem calculations. The review article by Spu i'"sad Mcchure

* The previous calculations of the three-dinsen- provide a detailed study of the low-energy proper-
*sional graphite band structusre can be divided into ties.

* two categories. First there are the band structures In the present study we produce an accurat ab
which are fitted in detail to experimenita] results ipitlo nergy-band structure for three-dimensional
ove a small energy range. Thee provide accurate graphite that combines the features of both typs
information about the Ferm surfae and are usefu of calculation. In other words, it not only provides
for correlating transport related messiurments" 51 the energ bands over a large energy rangep, it alo
and explaining optical structure at moderate eme- !eads to a very reasonble model for Fermi-surface
gles."i This type of calcuilation is ofte used to Properties of this material.
Supplemnent the single-layer CalCulaticns."'* 7 ""'1 Due to the structura similarity of graphite and
Zungss,12 has provided aComparison of Many of the graphite-intercalation compounds, we chose for

25 4126 (1) 982 The America Physical sociw-
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this study the modified Komnga-Kohn-Rtostoker Y
(KKR) approach of Holzwarth et al. that was z
developed and successfully applied to LiC6.'7 aMd T
subsequently to KCS. 4' Since Mrphite has been17 4

essemmively studie in the past. a detaile evalua- a
tion of our results, and thus the formalism, is pos-NTA
sable and this has important implications for our 0 2.

stdoof the graphite-intercalation comipounds.

ML ORAPHITE STRUCTURE
AMD P0TENTL

FIG. 2. Graphite uni ca aad coordinate system for
The structure of graphite chosen for this study war

is the AB or Bernal structure'9 (Fig. 1). It consists
of plants of carbon atoms. each forming a hezago-
al aes, stackted in a manner such that half of the lation perpendicular to the e axis.

carbons (A atonms) are located directly above ech The local symmetry about the atomns in the unit
other in adjacent planes, while the other half (B cell entes certain aspects of the calculation such as

atm wae located above the center of the hexagon the computation of wave functions near a site us--
in the adjacent plane9 There are four atoms per ing a symmetry eagenfunction expansio. While
unit cell, two of the inequivalent A and B carbons the potentials for the A and B atoms are not identi-
(Fig. 2). cal, the local symmetry for both is dcrbed by the

The spae Seip G. of graphite is P63/m*5I pom p DM.
The corresponding point (factor) group, P -G, IT, The Driflou zone of the reciproca lattice as
has 24 elements and is isomorphic to Dhc. r shown in Fig. 3 ith the high-aymmetry point and-
denote th latc (banjtion Vo .p.~ Ths tr directions lbeed The groups of k vectors at the
tre contains two inequivahen invasion ceters, top and bottomi surfaces of the zone have only
one located halfway between adjacent layers on a evnsiiia erelelataons.~ aeie o
c-axis line through A carbons, while the otlher is points in the interior of the zone (ezcept at r') the
obtained from the former by half a primitive trans. r~euttosaealoedmninl

The crysta potential was constructed by linear
supeposiionof carbon self-consistent fed

Hartree-Fook-Slater arge desities" Since the
band-structure calculation was no aelf-consaatent,
it was important to obtain as realistic a crystal po-

*tental apossble Thus in order toreflect the in-
plane bonding; of carbon aoms satomic. chag

c I x

a: 2.456Z
c: r.6961

/

K 1 K

* A CARBONS
0 B CARBONS

P10.1. Oraphlste ure. Latticescontants from BRILLOUIN ZONE
Rd.S FI. Drillmain swo rpi
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density of carbon was calculated using a 2s22p2 variational KKR method procedure. - 5S This
configuration. Previous experience, however, indi- method was developed by Holzwarth et al. (HRG)
cated that the crystal potential would be only applid to LiC6 (Ref. 47) and later to KC8.41

slightly affected by changes in the neutral atomic In the first step of the HRG approach a modified
configuration and the exchange-correlation approx- KKR calculation is performed on a muffin-tin
imation. The exchange-correlation potentials both form of the crystal potential, VMT. This is fol-
in atomic and crystal calculations are obtained us- lowed in the second step by diagonaling the non-
ing the local Xa statistical prescription of Slater,' muffin-tin Hamiltonian in the muffin-tin basis.
with the value of 0.759 for a as obtained by The reader is referred to Refs. 47 and 48 for the
Schwartz" details of the formalism.

The results of the above procedure are displayed In the interstitial region the constant potential
in Fig. 4 where the potential is shown along three value or muffin-tin zero (VMz) is taken to be the
directions. While the potential is nearly spherically volume-averaged potential of that region and in the
symmetric close to the atomic sites, its angular present work is 1.119 Ry below the atomic (carbon)
variation is greater than I Ry at a distance of one- zero level. The band structure for the full crystal
half the nearest-neighbor spacing (muffin-tin ra- potential, i.e., our final band structure, does not
dius). Such a large potential anisotropy is typical depend on Vmz. The radius of the MT spheres,
also of graphite-intercalation compounds where we rmT, is chosen so that the atomic spheres touch but
have applied our present approach to calculate do not overlap. In graphite rr= 1.34 a.u. and the
their electronic properties.4' -4 How well our interstitial region occupies 83% of the unit cell.
band-structure formalism performs under such This is a much larger fraction than for the inter-
conditions is one of the objectives of this work. calation compounds LiC and KC, where the

corresponding numbers are 54% and 43%. Be-
cause the interstitial region is so large with a" lII. BAND-STRUCTURE CALCULATION
corresponding large potential fluctuation, it is clear

-that a muffn-tin calculation by itself is imap-
The technique used for the calculation of energy that for gr ahi y bns.

bands was a modified version of Painter's discrete proprte for graphite eAergy bends.The reaction operator Ai¢-' [Eq. (1), Rdf. 481 at

the oth sphere gives the relative scattering of the
ith (incident wave) component of the jth eisefunc

(Ry)! tion. In general the reaction operator Adlr.. a a
0 -complicated function of energy which is evaluated

VMTZ on a coarse energy grid in the angular-momentum
-2- - representation. For graphite, however, it was

found that the reaction matrix components are
-4 very smooth functions of energy over the range

considered. This is in contrast to previous calcula-
- tions' 4' where many singularities wee present.- -6

This smoothnes permitted rapid and very accurate
numerical interpolation and extrapolation.

The results of the frt step of the calculation
-, (Modified KKR procedure) are diuplayed in Fig. S.

. , - Many symmetry-dealenk features ame visible .

such as the degesnirais of the bands at K and H•
L and the nearly free-electrao-like shas of the

lower u and f bands. The muffin-tin potential,
1 however, exaggeraM many level paratiom and

-A atomcum level crossings that do not occur n the final
. =,aL ,oms - bands. From the position of Vbm it is expected

that the dominant distortion is a larger bad
0 r 2rrT si along the k, recons but the band

shapes p ep pendicu lar to K, will be ve similar n
FIG. 4. Crystal potential. the non-muffin-tin bands. This is because the
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muffin-tin zero lies between the potential eitremn, IV. DZ~srrY OF STIATIES AND .

of the direom paralleld&W perpendicular to the FER3M-SURFACE PtOPERTMS
layers. Thus, on the averag the c-axis muffin-tin
potential a mom attractive dum the exact potential A. Interpolado models
and converdy the in-plane muffin-tin potential is
more repulsive. This means that interlayer interac- In order to analyze the implications of a given
tions between the p, orbitals that are responsible bnd-structure calculation for experimentally eo-
for the splittiap are overestimated by the muffin- surable phenomena, it is often necessary to perform
tin Potntial increasing the g. dispersion, integrations over the Brillonin zone that require

In practice the secular equation [Eq. (1), Rd. 481 knowledge of the energy bands at each k point
includes all Im for which scattering is large. Pre- It is extremely expensive to evaluate the eigenspec-
vious work showed than an s-p expansion is quite trum for a large number of wave vectors using the
accurate and in almost all situations an expansion method outlined in Sec. I, so a physically sensible
including d waves is extremely good. For this and accurate intepolation scheme is highly desir-
study components up to I =2 have been included, able.
This is sufficient to obtain bonds of all symmetries In graphite it is known from experimental and
since all irreducible representations of groups of k theoretical studies that the bands near the Fermi
have expucit representation in terms of atomic level play a dominant role in transport and low-
centered spherical harmonics of 1-0, 1, or 2. In energy optical properties. A parametrized model
order to estimate the effect of the d-wave com- for these bands would provide a uaeful interpola-
poneus, the reaction matrix and KIK egenener- tion schem
ins were rcomputed at r and M excluding 1-2 There are two currently well-known models for

toms. As anticipaed then was no change in the graphite. '1) the Slonzcewski-Weiss-McClure
r levels. Except for the r ,r; levels which (SWMc model' for Fermi-level bands nar the
moved by about 1.5 eV, mot f the a levels dif- H-K axis and (2) the full zone r-band Johnson.
fered from the s-p-d KKR levels by less than 0.9 Dresselhaus (JD) model. 6 Both models are
eV. However, we expect these shifts to be much described below with additional details given in
reduced in the find non-muffin-ti bands since, in Appendices A and B.
genwal, the d-wave scattering is exaggerated by the The Slonzcewski-Weiss-McClum (SWMc) model ""
muffin-tin potential due to the orientation of these originated about 25 years ago$ as a tight-binding
orbitals and their larger spatial extenasion into the k -p analysis specifically for the Fermi-level bands
intestitial region, of graphite, near the H-K axis of the Brillon

The results of the HRG procedure for the poten- zone. This work was reexamined by McClure,"
tid and structure described in Sec U are shown in who demonstrated that seven parameters (SWMc
Fig. 6. The symmetry labels are those of Slater.59  parameters) adequately described the shape of the

The bands were obtained at 33 wave vectors bands and the Fermi surface. This very useful
along the edges of an irreducible sector of the Dril- analytical tool immediately became popular among
louin zone including all the high-symmetry points experimentalists and may experimental results are
and direction. The bands on the hexagonal face of still expressed in terms of these parameters.
the zone (H-A-L-B) are all doubly degenerate and A loast-square fitting procedure with a modified
look much like the bands from single-layer calcula- gradient search6 was used to determine the values
tiom . of the SWMc parameters from the bands shown in

Most of the KKR levels were found within 0.01 Fig. 6. The energy levels at 6 1 points including
mly tolerance so the accuracy of the non-muffin- H, K, and a A point were used in the fit. Several
tin boods was limited by the accuracy of the poten- type of weighting schemes were tried and all gave
dal matrix dements ANN (Eq. (3), Rtd. 483. The roughly the same results. The numbers am shown
position of the upper non-muffin-tin bands, i.e., in Table L The parameters o( column a were com-
thoe with oenrgies about 1.3 Ry, however, should puted with approximately equal percentae error
be amuas very approximate due to the and mot accurately reflect the shapes and postio
necessity of truncating the mon-muffin-tin socular of the ab mid bands. Column b parameters were
matrix (Eq. (2), Rd. 48]. The KK searches wr found with equal absolute anne and ae not as
taken up to at Most 2 Ry above Vhr at each of good for parameters with miall magnW ude There
the 33 wave vectors. is a change of sin of the A parmeter and ya
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TABLE 1. SWMc pmameters for raphite (eV).

a b C d

To 2.92 2.92 2.41 3.16
T 0.27 0.27 0.27 0.39

T2 -0.022 -0.009 -0.022 -0.019
73 0.14 0.15 0.14 0.28
7, 0.10 0.10 0.074 0.044
Ts 0.0063 0.029 0.0065 0.038

-0.0079 -0.0085 0.004 -0.008
r -0.025 -0.024

-Weighted least-squares fit to ab maitio bands (preferred); SWMc model.
buqua weight least-squares fit; SWMc model.
'Estimated from full-zone fit to ab inito bands using Johnuon-Dresselhaus model Hamiltoni-
An.
dExperimts, Re. 70.

grows at the expeme of ys. Finally the column c determined SWMc paraimeters.
parametes were estimated from the parameters of By performing a unitary transformation
the full-zone JD model using the formula as given H .SHmS-I on the JD Hamiltonian with
in Appendix B (see Table VII). 1 -1

The differences in the parameters reflect dif.
ferent emphasis of the bands. For example, the V2 V2
column c parameters arise from a fit that should -1 1
be suitable for analysis of optical properties be- S= 2 0 0
tween2-12eV, whiletheacolumnparameters 0 0 1 0
should accurately reflect transport properties. We 0 0 0 I
feel the SWMc model is unable to consistently ac-
count for both transport and optical properties
with the same parameters and there is some experi-
mental evidence to suggest this. It is not clear,
however, that simply adding higher-order terms
win be usdeu.

Figure 7 demonstrates the accuracy of the K4 -

SWMc fit along the H-K axis. The H and K point J"6.
levels were fit exactly and the differences betwemI
the b inido band and SWMc arise from t slightly % % HI
different dispersion along P. In this sense we have 1.06eV K6 on -H3
a ab inido verification of SWMc. We expect an -

even preae difference off the H-K axis but can .
make no accurate c amparison because the nearest AV
ah in~io off-axis C point is near the limit of validi-

ty of the SWMc model.
The 1iD model Hamiltonian 6 is based on a full-

zone symmetrized Fourier (tight-binding) expan- K P H

asio of the r bands and wa shown to be equiva-
lent to the SWMc model along the H-K axis. In 0 AB INITIO BANDS
fact, in the original study where an analysis of opt- x SWMc FIT
baA properties was performed, this equivalence was Iqo. 7. Comprion ot frt-pnciples bands with
used to determine the full-zone expansion parame- SWMc fit, x SWMc fit, o ab Initdo bands. Mast of the
tos (1D parameters) from a set of experimentally points overlap completely on scale shown.

- - -- -. 7
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one amrives at a form that can be compared with 3. Density of states
mclure's Hamiltonian and the SWMc parameters
can be extracted from the ID parameters. Per- The JD model has been used to give a satisfac-
forning this algebra we find the relationships tory account of the infrared optical properties of
given in Appendix C, graphite. 6 Recently Holzwarth" used an exten-

It is well known that the eilenvalues of the sion of the JD model for a layer analysis of inter- ..-

SWMc Haoiltoian ae invariant under simultane- calaion compounds of graphite. It was because of . -

ous change of sip of ro and y4. The JD Hamil- these successes that the JD model was chosen as a
toman also has this property and is invariant under full.zone interpolation of the ab inido bands of
simult chanp of sign of the "off-diagonal Sec. I. This fit was expected to provide a reason-
pirameer: al,.aA aok'. Such changes ably accurate density of states from the band struc-

in sip might be brought about indirectly by coor- ture bemuse of the large number ( 1) of adjutable
dinte system changes. Thus the sip of yo and y4 paramters.
are not given uniqudy by this teoy. The desty of states was obtained from the his-

A kest-squares fit (modified gradient semh)" topam method, which uses the approximate ex-
to the bend structure along K-H, K-M, and to. p :
wards r gave the parameters in Table U. Our 2
parametw differ a great dea from those given by
Johnson and Dresdhaus'm =  euvalenit pramL- (2r)
tan given by Holzwarthst be d on the two-di- 1 f+ f
mesion bmd structure of Pater and xlis. M
Part of this difference betw our param eters and
those from prvious wa s is due to the differc -C I ,
in our eagy seae zero (diagonal constam ).
Anothed factor cotributing to this diffarmce is
that the previous fits were to bans nmr the me- where the a sum is ove the valence and conduc-
tanular fices of the Drilonun zone- tionr hands.
uncuiutratnud in the zone center-and the but fits Roughly 20000 points in an irreducible sector of
to thee band causd an auaive bodwidth at r, the Drillom zoe were ed with a higher density
bIwen the top of the conduction band and the of poiM concentra in a wedge ner the H-K
bo1tom r " the valme band. axis than in tM rest of the zome. This provided a

TABLE U. JD perameters (eV).

Usd fo ft 9
Parmeter N-K fit Full-zon fit

-3.38 -3.29
2 am  -1.43 -1.15
3 a - 1.83 -1.79
4 a 1.68 1.85
5, -2.14 -2.20
6 0.0450 0.0442
I 0, 6 0.34.
SaM 0.181 0.143

9 40,27 0.279
10 .1 0.141 0.137
11 si 00022 0.011412 at -0 0= 0.0110.
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smooth curve near the valence-coduction junction mae near the i-band edge. For this reason we
where in addition the interval AE was decreased. prcede by requirin the number of electrons

The r denuity of state calculated from (1) is and hole to be equal, leading to a Fermi level of
-shown in Fig. S. The overall shape is as expected. -0.025 cY. As a check we also integrated the JD
-The width of 19OV is abit laWthan the width density of states up tol electron and found avalue
-of the actulbndsbecauseofthe slight inaccu- of -0.09eOV. Thisis close but too low to give a

racy of the fit which was, weighted to more acca- realistic Fermi surface.
I medy fit the bands along the L-M.-R faew of the

zone. As a aelf-coesistent check the area under the
curve was computed and found to be exactly two C. Fermi gurfawe and Fermmisrface propus
electrons per carbon. The peaks correspond to the

*M point dispasion and would be singular in a The Fermi surface corresponding to the energy
single-layer calculation. The peak sgeration is 4.3 4-m -0.025 eV is shown in Fig. 9. For compari-
eV on average but varie between 3.8 and 4.7 and son, we performed the same procedure for the ID
correaiponds to the 4.6 eV critical transition ob- model and obtained a slightly different surface also
sarved experimentally. The density of stat is in shown in Fig. 9. In addition to what is shown ir
qualitative agreement with that of Painter and the figure, the SW~c and JD models include three
Ells, Samunesn and Batrs,1 and ZUnge.1 2  additional legs that provide a thicke overallcrs

Mlso included in Fg S for comparion is the section between the electron-hole Junction. Thee
- density of stats obtained from a fit to SVWc. details are omitted from the figure since they are
I SW~c is ectedW to be more accurate in a region not resolvabl to the precision with which the fig-

nerthe minimum of roughly 200 mei in width one is drawn. Also hidden from view arm the hole
but can be seen to rapidly diverge from the more pockets near the H point.
acurae overall calculation thereafter. Although a Several measurable quantitie that depend on the
moreI extensive fit to the ab WOO, bands might Ferm surface were computed numerically and are

- reduce this discrepancy somewhat, this differenc summarized in Table HI. The de H1ass-van Al-
I was expected from the nature of the SWMc model phen frequencies are related to emtamal cros sec-

which is limited to a small region of reciprocal tiona of the Fermi surface, (A.) and were coniput-
"Se.CI

The conventional approach for obtaining the
Fermi energy is to interat the density of states
up to the required umber of carriers. The JD

I model, however, is inaccurate in the region of the
Fermi evel and the SWMc model as very maccu- ,-IO MODEL.

SW MOEL.~

a,

.41 -w

arry(V

FIG. L. Dow"t of sta obtained from 3D model fit
L to flhst~prlNClks bands (upper carve). Also shown for FIG. 9 Fermi surfuss of graphit from two dif-

Ried eag ranm. Is doe obtained from SW?& fit fereat parametrized fits of bands H Ur) point is at in-
Ose curve). terusetion of Upper lower) thre sases (Is Fig. 10(h).]
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TABLE UL Graphite Formi-surfce cbarscerisrim do Han-van Alpben periods 001
0-1) and qcAndonmms.

Majrt electrons minority holes
(9) Majority holes (a)

esoletm 1.6" 2.37 13.7

Role. 23 ad 73 1.61 2.20 13.5

calculatud 0.045m* 0.*033ma 0.006mO
Eapeimes 0.06mg 0.0Mg 0.O0mg

Plasma freqencis (CY)
pro"t Typic.? SWAU pars.... Nakaob Mgc(lur

Age 0.46 0.44 0.83 0.17
no, 0.04 0.04 0.07 0.01

8S00 Table 1 &Wrs column.

VFcem Rd. 63.

ad for field parallel to the ,ais, as follows: ponent of &IV asociated with the i-bend carrier,
in-pland c-sis frquencies .*e

The cyclotron effective masses wer Computed 2

raOsMMC 2 0  t VE Table rn shows the values of plia frquency ob-
aned fran owr calculations as wll s those based

and are exparimentally determined by magnetore on C geneall alccepted set of S%?Ac parameters.
fluction expartimts" tha give the Landau-leel We have also, included plasma frequencies obtained -

separatios. 11 is the wave vector perpendicular by Mcaure'3 from estimates of electron density
to the layer planes. The agreement with experi. and effective mass as well as thos calculated by
mint ispod. NAM 6o.Our values fall beween the results of

In owe materials low-frequeny optical proper- McClum and Nakso. For graphite, experimental
tie can be dec=be by the dielectric tensn determination of plasma. frequencies is very diffi-

.~-..+.L.4...cult if not impossible because of the screening due
to interbeind transition.

* OL has the form

ELZD. C ntant-enargy sufsce
eL. Several costant-aaergy surfaces above and

where ~ ~ ~ ~ ~ ~ ~ beo the -Feoerdfernmier.rad. level were computed from the JD
are scatering time and the plasma frequency

*respectively, associated with carrier a. The Plsina rWTbmd anae s arwginerall0. Whilae raphi
frequency is given by the Fermi-surface integral: rgdbn nlssaegnrlYa~ial nyi

the dilute limit, these surfaces would correspond to
2 i BE M Fermi surfaces of low-stage graphite-ntrclaison)U]2 4W~ fun-,~ compund if t e fflydect of intercalation was

Fr graPhiM ther wre only two independent com- changes leading to zone folding could be neglected.
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to) Oc, Mboc, (coc,, could correspond to a stage-two acceptor with 50%
chag transfer or a stage-one acceptor with 25%

'-charge trmmer. The enr levels correspondinto the figures are given in Table IV aloeg with ad-

ditional "Fermi"-surface data that in some in-
stances could be used as a guide to bracket the
range of values for actual compounds. The

W10c, w~oc" MIX32 (9)oC.0 (f.,ffl.* double-sheeted surfaces are shown in an extended-
zone scheme for clarity.

~ '~.The constant-energy surfaces show more clearly
._ ,. :than the band structure the asymmetry of the

bands above and below the Fermi level of graphite.
S"' The d) and (1) figures am approximately the same

W ACS. (1) AC,, WAC,. MAC., distance above and below the Fermi level, respec-
tively. The dimples in surface ( and d ae
caused by the crossover of the upper r bands,
which can be seen between M and K. The sharp-
aes of the cornms in the larger figures is due to
the limited rsolutiCn.

FIG. 10. Canstant-eagy surfaces of graphite for
selected energy levels (see text, Table IV). V. DISCUSSION

For this rean the figures are labeled by the We will now compare our band-structure calcu-
stoichiometries of compounds with 100% charge laion with other theoretical studies and experimen-
tranfa and the corresponding energy level is de- tal investigations by focusing on certain key band
rived from the graphite density of states. For ex- separations as listed in Table V. The dree-dien-
ample, DC has - extra electron per carbon and sional LCAO calculation of Willis et al.,'$ is
AC., has -L extra hole per carbon. Further, AC24 closest to ours for the levels up to and including

TABLE V. Constant-e gy surface popmie

DOS Lower band (k,-0) Upper band (kM.o)
(states per carbon

Label Eitra charge E.,,L per V) dilvA Cyclotron dHvA Cyclotron
(see Fg. 10) per carbon (eV) NA,) (0) -ae (m.) (G) mare (m,)

(a) DCG -0.16667 -6.010 0.23 4.9X 10' 0.74 7.5X 10 1.5
(b) DCs -0.125 -6.264 0.19 3.9X 10' 0.62 3.9X 10' 1.05
() DCj3  -0.08333 -6.532 0.11 1.5 X 0' 0.49 4.Ox 10' 0.67
(d) DCt, -0.0625 -6.709 0.10 1.8X 10O 0.44 3.1 x 10 0.51
(a) DC34 -0.04167 -6.936 0.080 1.1X 10' 0.33 2.2X 10' 0.40
(M) DC= -0.03125 -7.074 0.070 7.Ox 10' 0.27 1.7X 10' 035
(8) DC. -0.02083 -7.220 0.061 3.5x 106 0.21 1.3X 10' 0.29

) GraphIte 0.0 -8.06 1.2X 10- 4
, 3.9X 10' 0.045

() AC,. + 0.01503 -8.702 0.036 SAX 10' - 0.09 3b 1.3x 10' -0.37
(not shown) AC + 0.02083 -8.759 0.044 1.7x 10' -0.12 1.6x 10' -0.43

J) ACn +0.03125 -8.986 0.055 3.$x 106 -0.16 2.3X 107 -0.3
() ACN +0.04167 -9.117 0.073 5.9x 10' -0.20 2.9x 10' -0.63
(D) AC1, + 0.0625 -9.345 0.091 L0X 10' -0.27 4.2 X 10' -0.84

'Calculsed fnm de fou-aramet mode N(Ef) .(2/r")y,/74.
bNegativ -is leasm hois wiri
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TABLE V. Comaparison of ban-structure calculuiona and .easurenentsa (CV).

Cellular LCAO Spit. symnr. Ext.
HIRO (KKR) spit. ayes. ext. LCAO Willis Pseudopol. Hickel LCAO

Present Malle Batra eta/. HI Zunser FE Experiment
rasuls (Ref. 21) (Rd. 17) MRe. 1S) (Rd. 19) (Ref. 12) (Ref. 7) (Ref.)

3W 14.5016) 17 20.7 16 NAb 16.5 14.3

cc-omom 11.76(2.44) .4 12.5 12 912.5 12.2 11.5±1 (1S)
rt+- rt

row M06328) 19 15 19 NA 17.5 17.7
rt+- r

sep 1.053.8) 2.0 1.3 1.3 NA 0.9±0.3 (35)
rt-F 11.3(3.) 10 16 12.5 NA 16 11.6 11 ±0.3 (35)
if-r+

*VaL.3 19.5(17.5) 13.6 21.7 20.7 NA 20 19.3 20.6±0.3 (35)
Mt -M; 4.3(4.4) 4.1 4.5 4.3 4.0 4.1 4.6 4.60(4)
11.-Mt

K 4 -9 2  1.04(3.2) 1.4 0.3 1.3 1.1 1.6 (33)

'For optical selections rules we Rdf. 71.
* bNA4oM available.

*the conduction a, bands. In faoct their conduction strongly afflected by the potential away from the
bands and those of Nagaycohi ral. 10 wae in the atomic core and moves upward by 9.5 eV when

* bat qualitatve agreement with the present work, the exact interstitial Potential is included.
specifically the crossing of the 1, 4 levels be- The SWMc parameters estimated from our baud
twee F and MA a feature which is absent from afl structure are in very good agreement with those
other studies. obtained experimentally. This is shown in Table

-hae sw much agremn with the single- VI where parameter values from other calculations
layer cailation of Painter and Ellis.' This can are as included. Although the values for V3 and
probably be accounted for by the similarity in the ys are slightly smaller than those suggested by ex-
crystal posentials. In all these calculations the peietwe feel the agreement is remarkable
same approximation to the exchiange potential was given that the calculation was completely ab initio.
used with the same a parameter of 0.76. Samuel- The results of Nagayoshi et al. " are also very
-m et .. 17 used the same prescription but with good, although their potential had an adjustable

a-.667 and, while their overall results are simi- parameter that was chosen to fit optical data.
lar, the Flom-level bands have too little dispersion Recently, magnetoreflection experiments' sug-
to obtain suasonable estimates of the SWMc pa- gent a negative sip for A, in disagreement with
rometers. anlet' sd a spherically symmetric our results. Furthermore, our K4 - K2 separation
potential with the cellular method and Haosige is somewhat smaller tha that suggested by optical

* and Juagng'ursed a spherically symmetric pact- studies leading to a smaller value of yb. These and
dopoteistil Even though the use of a spherically other discrepancies might be improved somewhat if
symmetric potentia is not appropiate for graphite the KKR basis was extended to much higher ener-
these calculation were ab Itmdo and could provide gLn Self-consistency might also improve the

a saf pin fr mreaccrae alultin.ageemntwih xprienalresults although we

theyan imiar n sm wys o or mffb a or he ntecaltio copouds.Thecomplexi-
banid structure. in partcular a r+ level in ty of our ab imid appproach renders; the inclusion
Malhetts calculation. just above the a valenace of self-consistency computationally intractable at

* bands, diffs by 0.1 eV from a corresponding level thes present time. Nevertheless, this calculation is-
in our muffin-tin band structure This level is sucoemful on the one hand, by vintue of the good
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TABLE VI. Comparison: experiment and theory SWMc parametrs (eV). 0

S. C. LCAO
Prme Mallet Beta HJ Zanger PE Napycahi et al.

Experiments results (Ref. 21) (Rd. 17) (Ref. 19) (Ref. 12) (Ref. 7) (Ref. 11)

Yo 3.16 2.92 2.53 2.73
T 0.39 0.27 0.36 0.2 0.41 0.32 0.25 0.32

Y2 -0.19 -0.022 -0.045 -0.003 -0.043 0.022
Y3 0.28 0.15 0.29
74 0.044 0.10 0.15
Ts 0.038 0.0063 0.0004 0.033 0.003 0.021
A -0.008 0.0079 -0.0009 -0.004 0.42 0.09 -0.017

EF -0.024 -0.025 -0.021 S

agreement with experiments that measure APPENDIX A: SWMc MODEL
moderately large level separations and, on the other The SWMc Hamiltonian has the form:
hand, by supplying reasonable SWMc parameters
and a Fermi surface that is in quantitative agree- O 0 H,3  H 3
ment with experimental results. H -H 3

We conclude that this method should work well H 0 e H 3  3

for other highly anisocropic materials such as the H*3 H*2 eo H33
intercalation compounds of graphite. although ex- H 13 -H 23 H33  e0

tension to self-consistency may be necessary in
such cases. Nevertheless, a carefully conceived where

model for the potential should give reasonable re- e°=A+2, cosO+2rs cosP,

?=A-_2r, cosO+2ys5 2osf,
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APPENDIX B: JD MODEL

The full-zone r-band expansion for graphite was frst introduced by Johnson and Dresdhs.s Since
then many variants of this model have been developed and applied to similar systems. Our reference to the
ID model stands for the entire class of such expansions. Bfinowski et alf and Holzwarth6 used versions
of this model appropriate for optical and transport properies of graphite-intercalation compounds (GIC's).
Safifnm and DiSalvo used essentially a very primitive version of this model to compute magnetic susepti-
bilitie of GIC's.
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The particular form used in this work is as folows:

HA, HAW HM H

H,*WHA4 HVHh8

liM -a0,'(3) +a[ "acos(g.) +2 cos(1gz)cos( lb )Ij+ao[3 co(2g.z)J

Hhai na{3)+,oW[cos( z)+2cos(T )co(T )]+aaa [3cos(2 g)],.

MI1f, /3)f, 1 3 c410inr 1m° a + c+2+cos. + + 2 c ,,..+,-.,+, ,-, +,.,.w ,+4.+COO ,w ;03/1 ,

whereg. , go a l= .jck, and following thedefmiou in the oiginal article, the notation al:
denotes the matrix element between sites a and 0 in unit cells located relative to each other by T-it

+jtV +4r. The overbar indicates a negative number. A different coordinate systen was used herm account-
ing for the different notation of some of the parameters.

APPENDIX C: SOME CALCULATION DETAILS

This appendix provides a brief description of some of the specific computational aspects concerning the
present work. A more general discussion is found in Sec. III and in Ref. 48.

In the flit step of the KKR procedure symmetry is used to simplify the evaluation of the matrix ele-
meats

which appear in the system:

d2 IIz .,[A,.= d + l(l'+-).df] ,.(t2m rm2

waen TABLE VIL Relatiomip betwen SWMc

P~p.amr)-rern(r) ID parametrs.

and

we th sajngjoas to Schrai~dngs equation within a Y
muffin-do sphee From symumay we determine
whim =adz demna m nine% then by e- T4

P. -g prdu-t Of sierica ha.c.ics into ._.s-
tad bermoia it Is 'I I - to further reduce tie

* totaWl number of integrtls and stored integals.
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For gaphite 1-2 expasmion, there are 12 nonzero Z
V5r.4r) components and these can be expressed
in terms of four crystal hamonics, a substantid (4)
reuto from the original 45 integrals:
v.,..() . f Z.(P)V(F)d2r, ,I34i

V1, 4.. (r~. ZI'rm 3.1I fl ,-coa

where the I coefficients are constant and, where 396

ZIP)-1 , -1-

zjj(F)-(-!)'1'(3z2- x ) U , z i
- 232

2.68

a e from RM. 68. These crystal hamouics ae FIG. 11. Inod re l iuas aec. Di.
orthogonal and invariant under the opeaim of mum s m to SMoane =11
the group D .. Becase of the symmetry we need
only Perform the angula integruti owe a frac- terstd region shown in ft 11. The integationtion of the urnit Where which for VV is -L

don f lS -gaphe wh~h or iip~te ~ ~.algorithm was the 3D Gouads techniqu do-
For coveience we chos a - spheical domin." seabed in lt 48. The coodiat yes wan
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slf.-conlstent, first-principles electronic-structure calculations were carried out for
IC 1 , a model high- (third-) step graphite intercalation compound. The results illustrate

the charge distribution and screening mechanisms in this class of compounds and account
for many of their unusual electronic properties. The total charge transferred is found to
be well concentrated on the boundlng carbon layers. while the conduction-olectron contri-
bution Is much more delocalized.

PACs numbers: 71.25.Pi, 71.56.Dp

One of the outstanding questions about the elee- There is a delicate balance of several compet-
tronic structure of graphite initrcalat on cor- lug factors which determines the charge dlstribu-
pounds is the distribution of charge among the in- tion in addition to the phase-space effect men-
equivalent bounding and interior carbon layers in tioned above. For ezample, for the donor com-
third- and higher-stage compounds. Simple mod- pounds, the intercalant ions provide a potential
el calculations have suggested that the screening which attracts the conduction electrons to the
of the intercalant ions by the conduction electrons bounding carbon layers. Opposig thin effect,
is much longer range in these w-electron metals the effective attraction is reduced by polarization
than it would be for a two-dimensional free-elec- of valence electrons. In addition, the conduction
tron metal. ,2 Qualitatively, the expectation of electrons tend to be delocalized over several lay- ..
long-range screening is due to a phase-space ers by their interlayer kinetic energy and by
argument and is based on the assumption that the their electron-electron Coulomb repulsions. A
partially filled r bands of the intercalation com- realistic evaluation of all ol these coupled effects
pound are not appreciably distorted from the cor- is difficult to treat within a simple modeL We
responding linear dispersion bands of layers of have, therefore, carried out a detailed self-con-
two-dimensional araphito. Within a Thomas-Fer- ststent electronic-structure calculation for a pro-
mi approxmation,1' 2 one can assume that the totype third-state compound, LiC1g. Our results.
screening charge is distributed among the layers illustrate the unusual properties of these w-elec-
sch that the Fermi energy of each layer is self- tron metals.
consistetly adjusted according to the electrotat- Third-state Ll-intercalated graphite has been
te potential at that layer. Because a two-dimen- synthesized by a few groupe.s', However, Its de-
sioual bend with linear dispersion can accommo- tailed crystal structure is not known and its stol-
date fewer electrons than the corresponding band chiometry is perhaps under dispute.1 It is never-
with quadratic (free-dectron) dispersion for a theless an interesting compound from a theoreti-
given Fermi energy, the electrons must be dis- cal point of view, since it is a third-stage corn-
tributed over a larger number of layers. It has pound for which a detailed band structure can be
been suggested that this long-range screening undertaken with use of present techniques. The
contributes to the stability of the ordered struc- structure chosen for this study uses the smallest
tures in the high-stage compounds. 2 The charge possible unit cell containing inversion symmetry, ft.
distribution also has important consequences for yet maintaining a reasonable local geometry for
the conductivity and other electronic properties the C and LI atoms: ABCCABPBCAoABC. 1 .
of these compounde.8 '  The calculations were carried out sef -consis-
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tently in the local-density approximation by using additional 0.9 eV splitting for LiC 6 relative to
a pseudopotential formulation and by representing that of modified graphite results from the attrac-
all the valence-electronic wave functions in terms tive potential of the screened intercalant ions.
of a mixed basis set consisting of plane waves The uppermost four iv bands have amplitudes
and linear combinations of atomic orbitals.Y The which are primarily concentrated on the interior
ionic pseudopotentials were generated from all- layers,. while the lower eight r bands are concen-
electron atomic calculations.1 3 The exchange- trated on the bounding layers.
correlation potential was that of Hedin and Lund- The total valence charge density of LiC1s looks
qvist. '4 To provide bases of comparison, calcu- very similar to that of graphite itself because of
lations were carried out for graphite and for the large density associated with the C valence
first-15 and second-stage lithium-intercalated electrons. It is more informative to look at the
graphite in addition to the third-stage compound.? total electronic density difference between LICs

For the purpose of quantifying the effects of and modified graphite as shown in the contour plot
charge transfer in LiC,,, we first considered the of Fig. 2(a). It is quite evident from Fig. 2(a) that
electronic structure of graphite itself modified to the total density difference is concentrated in the
the LIC1, crystal structure (with the Li atoms sandwhich region between the C planes surround-

* removed). The band structure near the Fermi lag the Li ions. This is not a surprising behavior
level of "modified" graphite is shown In Fig. 10)) for a metal. However, it is surprising that the
along the M-K-H' directions where it is com- conduction-electron contribution" to the density
pared with that of graphite in the Bernal struc- of this v-electron metal [Fig. 2 (b)] is much more
ture (Fig. 1(a)].' The change in the layer stack- delocalized than is the total-density difference
lag reduces the i-band splitting at the K point to and is not appreciably distorted from its v-like
0.9 eV in modified graphite, compared with 1.5 form. The fact that the conduction states are not
eV in Bernl graphite, although the intralayer distorted by the intercalant ions was noted previ-
dispersion is similar in the two structures. ously for LiCe (Rd. 15) and attributed to the anti-

In LIC,,, the Li atoms arrange themselves in a bonding character of these states. This result
4'3xvr3 structure with respect to a graphite layer (which may contribute to the high conductivity of
so that the direction equivalent to that plotted in graphite intercalation compounds) is most likely
F%. 1) to m-F-A and the corresponding disper- a general feature. We shall see that the delocal-
seen i plotted in Fg. 1(c). The dispersion due Ization of the conduction electrons is achieved
to the M-K bands of modified graphite Is readily not only because of the phase-space effect' 2 but
discernible; the additional bands having larger also because of the large polarizability of the va-
dispersion are due to zone "folding." The mini- lence electrons of graphite.
mum splitting of the * bands due to the interlayer
interactions is increased to 1.8 eV in LiCs. The

TOTAL ELECTRON DIFFERENCE DENSITY

SERNAL W,3 MOOIFIE'D (bi ~Cj'C
24- GRAPHITE GRAPH IT

-22'-t

E ------ CONDUCTION ELECTRON DENSITY
.......

NI K M M K H M r A M r-' (b

FIG. 1. (a) Energy-band dispersion of the r bands FIG. 2. (a) Contour plot of electroni charge desity
near E, for graphite in Bernal structure, (b) graphite for LIC18 minus that of modified graphite (b) and for
modified to the structure of LAC,, (a) and for LICIS. the oonduction electrons of UJC, Contour values are
The teo of energy baa been taken at the bottom of a given In mite of 0.01 electron/sA. Atomic positions
bands. In (a), the top of the a bands (dashed curves) are denoted by filled squares for Land by clrles for
and the bottom of the U-metal band (top curve) are C. Plane shown contains c axis and pases through U
Indicated In the eney range shown. atoms ad C-C bonds.
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X 0O25 TOTAL 1b) Intermediate region, and (c) Interior region.
.!. ,-CONWtCTION A The distribution of charge among these volumes

-'',,' .' -. / , A , \', " l " , ,-
* ~ :* * * is givenin Table 1 The percentages of charge in0000A~hE T the sandwich region (a) are 89% of the total den-

VA C city difference and only 43% of the conduction-
o-002- 1 f I (a) electron contribution. The percentages of charge-- .0 -- - associated with the interior layer (c) are 0% of

S>Nthe total density difference and 19% of the con-i -- 1. duction-electron contribution.

- The screening efects of these charge distribu-
,OTAL .tions are more easily seen in terms of their cor-

-' Iresponding electrostatic potentials. In Fig. 3(b)
0 .. , the layer average of the "total" electrostatic po-

Li C C C L, C C tential difference (TiC, minus that of modifiedD-sance aoo C-a.,s --- graphite) is compared with that of the "unscreened"

FIG. 3. (a) lefto chrge density (b) and electro- electrostatic potential (Li pseudpotentials plusstatio potential averaged In layer plane and plotted electrostatic potential of conduction electrons).
slong the c axis. In (a), the "totaf demity difference We see that the effects of the valence-electron
(UCtl mins modified grapitet), the "oomduction" den- screeing are such that averaged total potential
sity (of LiCto), -an the "valence" density difference is only between 4 and 4 of the averaged unscreened
bl! minas conduction) are compared. In (b), the zero
of the potential Is set to be the volume average. lb* Potentlal throughout the unit clr The effects of
"total" p differme (LtC,, in odred the local-density exchange and corrlation contri- ' "Zr4it) to compared with that of the mereed po- butions are small relative to these electrostatic
Metal (I Ionic pseudopotandals plum electrostato, effects.
potential d to oondcton electrons in LiCt.). Although our detailed calculations' have been

performed for a specific material, the qualitative
conclusions of this study are likely to be general-

These points are Illustrated more quantitative- ly applicable to graphite intercalation compounds.
ly In FIg. 3(a), which displays the density along The results are not Inconsistent with known ex-
the c axis averaged In the layer planes. In addi- permental results for third- and higher-stage
tion to the total density difference and the cooduc- compounds. For example, measurements of Ra-
tios-electron contribution, the valence density man frequencies of intralayer graphite modes of
difference1 ' is also shown. The polarization of dilute intercalation compounds1' show a doublet
the valence difference density is clearly seen In ascribed to bounding- and Interior-layer contri-
this plot. A portion of the polarization charge butions. The interior mode having a frequency
comes from the upper filled bands. In LiCig, nearly equal to that of pure graphite Is quite con-
these states are concentrated on bounding layers; uistent with our qualitative result that the total-
whereas in graphite, they are distributed over density difference in small for the Interior layer.
all layers. But in addition to this transfer of On the other hand, transport and Fermi-surface
charge within the manifold of w orbitals, there is measurements are sensitive only to the conduc-
also a distortion polarization of the graphite va- tion-electron distribution and on the basis of the
lence charge density toward the Li ions. present work, should reflect a more uniform dis-

One can define three distinct regions along the tribution among C layers. Together with the use
c axis as shown in Fig. 3(a): (a) bounding region, of models' to aid in the interpretation of the ex-

TABLE I. DIstrbution of electronic charge In UCt. Notation and

reglom (within half unit cell) as defined for Fig. 3 ().

Region a Reglin b Region c

Total dference 0.45 electron 0.03 0.03
Condmtlon electron 0.21 0.19 0.09
Valence dlffwmnce 0.23 -0.17 - 0.07
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The bonding and spectroscopic properties of graphite are investigated by carrying out
first-principles, self-consistent electronic structure calculations, and by comparing the re-
sults with high-resolution data from recent x-ray diffraction and angle-resolved photoemis-
sion measurements. The theoretical valence-charge density is in excellent agreement with
values derived from experimental x-ray form factowi. Unlike other group-IV covalent ma-
tenals, the bonding charge exhibits a prominent double-humped structure due to the lack of
p core states. The energy band structure is also in good agreement with experimental mea-
surements and previous calculations.

L INTRODUCTION and computational techniques. Results for the in-
tercalation compounds are published dsewhere. 7

The remainder of the paper is organized as follows.
Graphite intercalation compounds and adlayers n Sec. II details of the calculation method are

of atoms on graphite have generated a great deal of In td. I det .of the calculated distribution of 

theoretical and experimental interest in the past valence-electron density is presented and compared
several years. These systems have potentially im- with that derived from the analysis of x-ry diffrc-
portant technological applications, and they also that eried bo the an x-r arc-tion experiments by Chen, Trucano, and Stewart.'
provide realistic situations for the fundamental The self-consistent valence density is also compared
study of two-dimensional phenomena. As a conse- with that of superposed spherical atomic charge
quence, renewed interest in the properties of ra- deities in order to illustrate aspects of the C-C
phite itself has been stimulated. There is, in fact, a bonding. In Sec. IV the calculated band structure is
very large literature on the electronic properties of presented and compared with various spectroscopic
graphite, including electron-density maps derived measurements of bend eneresL'S-° opare
from x-ray diffraction data' and the energy-band withafew ofthepreviouscalculatioans. - Wedo

measurements derived from high-resolution angle- not attempt to make a thorough comparison of our
resolved photoemission techniques. There is also a band-structure results with the numerous results
very large number of theoretical calculations on the available in the literature, since this has been done -
electronic structure of graphite. However, some by sevel other workes 3- 5 We are able, howev-
features of the theoretical results are model depen- , to under tand how certain band features are

dent. sensitive to calculations methods, to self-
In the present paper we present the results of consistency, and to the choice of the exchange-

first-principles self-consistent calculations of the correlation approximation, as well as to establish
electronic structure of graphite, with the use of our electronic structure of graphite as a credible
density-functional theory' in the local-density ap- one. Summary and conclusions are presented in
proximation 4 and mixed-basis pseudopotential tech- oe. V. a- c
niques.5 Our motivation is (1) to provide a deeper
understanding of the bonding and spectroscopic I. METHODS OF CALCULATION
properties of graphite and (2) to provide a basis of
comparison for a study of graphite intercalation The self-consistent band-structure calculations
compounds using the same theoretical framework were carried out in the local-density approximation
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and by representing the electron wave functions in mately Gaussian form. Since for the elements of
terms of a mixed-basis set consisting of plane waves interest in the present work, namely, C and Li, only
and linear combinations of atomic orbitals s- and p-wave interactions are appreciable, we have
(LCAO's) as developed by Louie, Ho, and Cohen.5  followed the standard practice of approximating the
To take advantage of the numerical efficiency of a d-wave and higher angular momenta interactions
Fourier-space evaluation of the matrix elements, the with the s-wave pseudopotential. This approxima-
calculations were formulated in terms of pseudopo- tion has been proven to be reasonable for most
tentials and pseudo-wave-functions. The Hedin- semiconductors.
Lundqvist 4 approximation for the exchange- The s-wave atomic pseudopotentials were gen-
correlation potential was used throughout this erated from the all-electron atomic potentials VA(r).

work. using the following two-step procedure."7 First the
pseudopotential was set equal to the functional

A. Peudopotential form

We chose to use the norm-conserving pseudopo (r)-V,()tl-exp(-r/r'o)]
tentials developed by Haman, Schlfiter, and +coexp[-(r/ro)']. (1)
Chiang."7 This form of peooeuilhas the fol- Here the constant c0 was chosen so that the pseudo-
lowing adatages:(1) the pseudopoteltial being energy independent potential 0(11(r) had a (nodeless) bound-state wave

(v) threasndopoent angnery ifunction I?0i)(r) at the all-electron valence energy
over areasonableeunergy i E0 . The pseudopotential radii r; and ro were

(2) the pseudo-wave-functions converging to the chosen so that the pseudopotential would converge
actual wave functions outside spheres of specified to the all-electron potential in the bonding region of
radii about each atom, and the crystal. In the second step the pseudo-wave-

(3) the integrated "pseudocharge" being equal to function was modified so that it converged to the
the integrated actual charge in the core regions. all-electron wave function for r > rl, using the func-Within the framework of the norm-conserving tional form

pseudopotetials of Hamann et al.,17 there is some
leeway in the choice of the functional form of the
pseudopotetials in the core regions. For reasons of W 2 l1 (r)=rWII() +8rexp[-(r/rl)21 , (2)

numerical efficiency, we have chosen a functional
form that would ensure (a) that the Fourier where 1=0 for s wave, and V, and 81 are constants.
transform of the pseudopotentials would have The final atomic pseudopotential is then determined

minimal extent as a function of reciprocal-lattice by inverting the Schr6dinger equation for the pseu-
wave vector and (b) that the radial dependence of dopotential corresponding to the pseudo-wave-
the nonlocal pseudopotential would have approxi- function W, 2)(r)

F)=1 (3
W12)(r) (3)

The p-wave udopotential was generated by a 'TABLE I. Numerical parameten used in computa-
similar two-step procedure, except that, for humeri- tion.

cal resons, in order to simplify the nonlocal poten- tial prmeter Carbo Lithium."-
tial contributions, the first-step p pseudopotential
wastaken tobeofthe form ro (-r) [Eq. (1)] 0.7 bohr 1.5 bohr

1 [Eq. (4) 0.55 bohr 1.5 bohr
0'1')(r) ,0(2) (r)+ctxp{-(r/rj)I. (4) q1 (Eq. (11)] 2.1 bohr-2  0.35 bohr 2

Once the neutral atomic pseudopotentials were Bas-s parameters
obtained, the ionic pseudopotentials 00'(r) and
0() were determined'7  by subtracting the Fowaver ,a0l+d~2 3 bohr 2  --Fourier exanion
valence-electron screening potentials due to Hartree oflcaized 0<I'+dl2<25bohr2
and exchane -correlation interactions. The configu.-
ration 2 p was used to generate the carbon peu--Iabn su
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dopotential, and the configuration 2s"n2p" 2 was essentially an efficient trapezoidal-rule integration
used to generate the lithium pseudopotential; how- throughout the unit cell. The integration mesh is
ever, several other atomic configurations yielded determined by the inverse of the maximum
virtually the same ionic pseudopotentials. The reciprocal-space range Q. of the matrix-element
pseudopotential parameters used in the present components. The component having the largest
work are listed in Table I. reciprocal-space range in the present work is the C

s-wave ionic pseudopotential with Q., = 8 bohr-.
The contributions of the nonlocal pseudopotential

B. Numerical methods of the mixed-basis (p-wave ionic pseudopotential minus s-wave ionic
baid-structure calculations pseudopotential) to the matrix elements were

evaluated using a separable-form approximation
The numerical methods used in the present work described below. The matrix element of the nonlo-

are for the most part described in Ref. 5. The orbi- cal pseudopotential between two LCAO basis func-
tals used to construct the LCAO components of the tions, with Fourier components denoted by W( 4),
basis set were the valence-electron seudo-wave- is given by
functions with radial components I2 (r) described
above. For both C and Li, LCAO Bloch functio (i)V. Lj)= I W(+d)VNL(k+d,k+G')
were constructed for each of the s and p valence or-
bitals. The convergence requirements of the basis _ )
set in the present work were determined primarily x WIt+G'), (5)

by the C pseud tials. Therefore, it was ap- ----

propriate to check convergence using the diamond where VNL(k +G,k +G') is the plane-wave matrix
band structure. Using the range of plane waves and element of the nonlocal potential. The idea of the
the range of reciprocal-space expansion of the separable form is that the plane-wave matrix ele-
LCAO wave functions listed in Table 1, eigenvalues ment is approximated by
were converged to within a maximum error of 0.2
eV.'5 It was necessary to permit this relatively large
error in order to keep the computation time within -+ )

reason for the high-stage intercalation compounds. .

We found our choice of numerical LCAO functions A,.4(k+G)f,(k+G'), (6)

to be preferable to Gaussian orbitas. In a limited
teat using the diamond band structure, we found where f,,(k+0) are specified functions and AP, are
that the use of single Gaussian LCAO's required constant coefficients, so that Eq. (5) becomes
the inclusion of more plane waves to achieve com-
parable convergence. M

Because the local orbitals W12)(r) extend beyond (i IVNLIj) A,I F,, (7)

a single site, the on-site approximation described in
Ref 5 could not be used in the present work. Con- with
sequently, the most time consuming part of the cal- FJ z ,(+ ')WJ(+6) (8)
culation was the evaluation of matrix elements of
the pseudopotential between LCAO functions. The
matrix elements of the local pseudopotentials (s. Provided that the number of significant coefficients
wave part of ionic pseudopotentials, plus Hartree A,, are kept small, Eq. (7) is then more efficient to
and exchange-correlation contributions of the evaluate than the direct form [Eq. (5)].
valence electrons) were evaluated using the fast- The plane-wave matrix element of the nonlocal
Founrier-transform technique. T technique is potential is given by

V,(++dS&+(')- )-), ITI )Z Y(,C., (9)
,d M

where

01(I k I + 'I )[ (10)fI
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In Eqs. (9) and (10) 11 is the unit-cell volume, r represents the atomic site, I represents the angular momentum
ofthe nonlocal potential (Il-I in the present work), and o (k+)/I k+G 1. It is apparent from Eq. (9)
that the separable approximation need only be made to the function *[(q,q'), since the other factors are al-
ready in separable form. The choice of separable functions is not unique. Our choice was

I~'v W exp[ -(q+q'2 )/4wu lq'+(q*)'++ 2 ' ,(011)

where
+ m ' ' e ._ J v , f : r ~ d r r "i 2+ Z v " q 4 r - ~ ~ )
vmOvmO ''

, -[jiJf4ql2 -1 )U and J. =[1 -2)n!(2) +2n + 1!i)-'..

This form of the separable function has one adjust- valence-dectron density is presented in comparison
able arameter for each nonlocal potential, the with the density generated by the most refined fit to
rageparameter 9d. The expansion (1) is absolute- the x-ray form factors' (Fig. I(b)]. The overall

ly convergence when the radial part of the nonlocal agreement between the two density distributions is
potential takes the Gaussian form exp(-q,r). We excellent: ±0.15e/01 throughout the entire unit
found this choice of separable functions using cell, close to the experimental accuracy. The exper-
qW. j' to be adequate for both C and Li, although imental density is generally higher than the calcu-
care had to be exercised for possible divergences at lated density. A contributing factor to this trend is
large q. Here is as the pseudopoetial radius de- the fact that the experimental fitting parameters
fined in EqL (1) and (2). were not constrained to the total number of elec-

The charge density of the occupied states for trons. The set of parameters' used to generate
each iteration in the self-consistent process was
evaluated as described in Ref. 5. Because of the ex-
istence of partly filled bands, midpoint sampling al.
gorithms were more appropriate than special point
algorithms, since the latter are heavily dependent
upon the continuity of the integrand and of its
derivatives. For LiCI2 and LiCs, a 19-point mid- h.:

point sampling was used within the irreducible sec- (a)
toris (-L) of the Brillouin zones. Equivalent or better
samplings wer used for LiC6 and graphite.

MlL VALENCE-ELECTRON.DENSITY
DISTRIBUTIONo

Graphite hs the BDnal" structure with D4,
symmetry and four atoms and two inequivalent
tpes par unit cell. The atoms we arranged in '-: -
layers of hexagonal lattices with lattice constant
a-2.46A j the separation between layers is
/2-3.3$ A. A layers are shifted in an a axis - - C axis
, AME stacng such that half o the carbon atoms FI. 1. Cotour plot of a eoi ae
(type a) are directly above and below carbon atoms m -orsphite (a) Preset neult and (b) results
in the djacmt layers, while half (type b) are direct- from analysis of x-ray data by Chat, trcano., and
ly above and below centes of carbon hexagons in Stewar (R. 1). Contour values are given in units ofthe a dacent layers. 0.1./A'. Atomic positions m denoted by filled circles.

Graphite is one of the few materials for which a Two planes ae down--o containing an a axis and the
detailed analysis of the x-ray diffraction data has other containing the c axis and both intersecting at 90"
been perfomed in terms of the valence-electron along a C-C bond. In (a) the dashed circle denotes the
desity.' In Flg. l(a), the results of our sef. paudopotential rmius. In (WJ the authors quote a stand-
coMMINGe11t dec structure calculations for the rddevtion of ±0.,/A'.
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Fig. 1(b) overestimates the total density by strength and the covalent bonds do not exhibit a
0.034,/1 3. Since ours is a pseudocharge density, double-humped feature.
the shape of the density within the pseudopotential It is informative to consider the formation of the
radius [indicated in Fig. l(a) by a dashed circle] is graphite bonds by comparing the experimental den-
not simply related to the real electron density. sity with that due to the superposed density of
However, the integral of the real charged within the spherical carbon atoms as shown in Fig. 2. Even
same region.' 7 The experimental determination of though the atomic configuration has been taken as
the valence charge near the core region is also some- sp 3 (sp 2 plus pz), the superposed density is not near-
what less accurate since the core contribution has ly as concentrated along the bonding directions as is
been assumed to have a particular form and did not the actual graphite density. The superposed density
enter into the experimental fit. The difference be- has a peak of I.8e/IA 3 in a nearly spherical region
tween the two distinct carbon sites is very slight- about each carbon atom in contrast to the higher
negligible in the calculated density and smaller than peak values along bond directions exhibited in the
the standard deviation in the experimentally derived actual graphite density. The maximum density at
density. This indicates that the ground-state densi- the midpoint of the C-C bond is 30% smaller for
ty is rather insensitive to the interlayer structure, the superposed density than that of graphite.
This insensitivity was also shown by Postermak, From the Coulombic and exchange-correlation
Wimmer, and Freeman2° who reported favorable potentials generated from the superposed atomic
agreement of their calculated electron density for a valence density of Fig. 2 and the ionic pseudopoten-
single graphite layer with the experimental results tials of the C(+ ions, one obtained the first-iteration
of Ref. 1. charge density shown in Fig. 3. From this figure, it

Figure I illustrates the highly anisotropic struc- is apparent that the first-iteration charge density is
ture of the graphite valence density and the large close to that of the final-iteration density shown in
concentration of charge that constitutes the C-C Fig. l(a) and within the standard deviation of the
bonds. The density along the bond exhibits a experimental density shown in Fig. 1(b). Within
double-humped feature with peak densities of this point of view, it is apparent that the ionic po-
roughly 2.1e/A 3, 10% higher than the density at tentials are the dominant factor which concentrate
the bond center. This distinctive feature of the charge in the bond region of graphite and that the

IC-C bond has also been seen in dianond 21' 22 and precise shape of the screening charge plays a secon-
is very likely to be due to the competing effects of dary role. On a somewhat finer scale, we can com-
the s- and p-wave ionic pseudopotentials. For car- pare the first- (Fig. 3) and last- [Fig. l(a)] iteration
bon, the p-wave ionic pseudopotential is significant- charge densities to see that the first-iteration density
ly more attractive than is the s-wave ionic pseudo- is overconcentrated in the bond region. The self-
potential. For group IV, materials in the third and consistent density is slightly more extended into the
higher rows of the Periodic Table, such as Si, Ge, nonbonding regions. This behavior is also reflected
and Sn, the existence of p-core states causes the p in changes in the energy bands as a function of
and s pseudopotentials to have roughly equal iteration, as will be discussed in Sec. IV.

Thst

)N
a xis ----.c axis a axis.--- C¢ axis

FIG. 2. Contour plot of superposed valence-electron-
charge density of sp' carbon atoms in the graphite struc- FIG. 3. Contour plot of first-iteration valence-
ture. Contour values are given in units of 0.1 lA. electronic-charged graphite in units of 0. leIA3. Atomic I -
Atomic positions are denoted by filled circles. The two positions are denoted by filled circles. The two planes
planes shown are as in Fig. I. shown are as in Figs. I and 2.

I-
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FIG. 4. Self-consistenit band structure of graphite (Hedmn-Lundqvist exchange-correlation potential). Dashed lines
denote r bands, solid lines denote a bands.

IV. BAND STRUCTURE bands due to interlayer interactions. .It is our
opinion that most of the calculated band dispersions

The bend structure of graphite has been reported are generally consistent with the available experi-
by many authors. Within these reported results, mental data. However, a will be discussed below,
thee are 1-2-cl' variations in the calculated 47- we can identify some of the factors which cause
and u-band extrema, and in the splitting of the rt these discrepancies.

TABLE H. Banid energies fin WV) for graphite.

Present results
Hedin-Lundqvist Slater Previous calculations Experimental

r-point sta
bottom aband& 0 0 0b ( 1

0.3 0.2 O.Sr 0.3

bottim. i band 11.7 12.9 12.5b 11.3c 12.5d
13.7 14.5 14.2b 13.0 13.44 ,16.80

top a band 17.4 17.2 jjb 15.2c 16.0"
17.5 17.4 15.2c

un 4upe7 bands 24.5 X69 28. 3b 26.6'
29.8 30.1 28.01' 26.8' 27.5'
30.1 30.4 28.7b 26.8'

5,20.3 21.5 2 0 .5 b 19.5' 20.6' ,22.54
it bands neartp

E02 i-sI3 0.7 0.5 0M"b 0.44 0.72'

Rol-'?O 0.8 0.6 0 .55h 0.61' 0.84i
nLowest ou band chosen as zero of energy- all energies in eV.
bRefereace 12.
'Reference 13.
'Angle-resolved photoeinission, Ref. 2.
'Angle-integrated photoemiusion, Ref. 10.
idwece S.
sNotatlon of Sloaczewski andf Weiss, Rd. 23.

"Reference 9.
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The present band-structure results calculated us- set is essential to the proper description of this
ing the Hedin-Lundqvist 4 exchange and correlation state; their omission significantly shifts its energy
potentials are given in Fig. 4. Various features of position. The r1+ state for an inadequate basis set 0
our results's are compared with some previous cal- is forced to have a higher energy than it does in a
culations and experiments in Table U. In general, converged basis expansion such as used in the
the present results for the occupied bands are con- present work. However, basis-set completeness does
sistent with the previous literature. The splitting of not explain the entire discrepancy; a recent
the bands at the K point near the Fermi level is in Korringa-Kohn-Rostoker calculation, in which
good agreement with experiment although the de- muffin-tin corrections were included and all expan-
tailed 0.01-eV dispersions of the Fermi-level bands sions were well converged,' 3 showed this state to be
along the K-H direction 4'2 3 are beyond the accura- 2 eV higher than in the present results. As will be
cy of the present calculations. The total valence- discussed below, the remaining discrepancy can be
band width (20.8 eV), the o-band width (17.3 eV), attributed partly to self-consistency and partly to
and the o-ir band separations (12.7 eV (bottom) and the use of different exchange-correlation approxi-
4.8 eV (top)] are within a few electron volts of mations.
previous calculatioM - 6 and of angle-resolved The effects of self-consistency on the band ener-
photoemission measurements.2 In fact, the spread gies (at the zone center) are illustrated in Fig. 5.
in previously calculated results, as well as the uncer- The diagram on the left of the figure illustrates the
tainties introduced in the photoemission process in results for graphite using the Hedin-Lundqvist
determining these high-binding energy-band exchange-correlation approximation.4 The three di-
features, are also on the order of a few electron agrams on the right of the figure present the analo-
volts. We find that the bottom of the r band is gous results for three stages of Li-intercalated gra-
split by 2.0 eV due to interlayer interactions, phite. The extra bands in the Li-intercalated com-
whereas the a bands (which are highly concentrated -pounds are caused by zone folding due to the Li su-
near the carbon layers) are being split considerably perlattice. It is interesting to note that the trends
less. The present value of the r-band splitting is seen in the intercalation compounds are similar to
Consistent with previous calculationS - 16 but twice that seen in graphite itself. This can be understood
that inferred from photoemission' The photoemis- since Li only contributes one electron compared
sion value is a lower limit due to the effects of c- with 24, 48, or 72 carbon electrons, respectively, for
axis dispersion which enter for the geometry of the stage-I, -2, and -3 Li-intercalated graphite. Thus
experiment.

The most puzzling feature of the present results
is the location of the first unoccupied a band. This 30 - - .Z: 30

band, which has a band minimum of character 1",
is of particular importance to the Li intercalation 251 X 25

compounds since it would strongly hybridize with -E, -, ,,
the bottom of the Li2s band. In our results, using 0 o - 20

the Hedin-Lundqvist exchange-correlation approxi- 5 ..
mation, this r + band is 2-4 eV below previously .....- --- --

calculated values. However, since this feature is the 10.
minimum of a parabolic band, it may not be experi- _ _-

mentally detectable. The band contributes a very .

low density of states and is, thefore, not easily
detected in reflecivity measurements."4  Mome ,,MWW;-",, ,w-uv M;Wr n' m-,f 0

over, it would be located below the vacuum level so ft",, ITEn ,kS , ce
(MJU AT11011. ( t.Ll ( Ll

as not to. be accessible to photoemission measure-
meats. An examination of the electron-density dis- FIG. 5. Energy-level diagram showing the effects of

self-consistency oan the r-pont levels for the firust-tribution for this state shows that it has an extra iteration (FIRST) and self-consistent (LAST) potentials.
node near each carbon ion and is highly concentrat- HL denotes Hedin-Lundqvist exchange-correlation ap-
ed in the region between the two carbon planes. In pmximation, while SLATER denotes Slater's approxima-
LCAO language, one would be tempted to label this tion. The last three panels of the figure show the results
state as the bottom of the carbon 3s band. We find for three stages of Li-intercalated graphite. Dashed lines
that the inclusion of plane waves in the mixed-basis denote ir bands, solid lines denote a bands.
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3030- - 30.

25- 1Ile, 25
I - E F-- -

20- .- 20

2.--. 15

z lo 10

5- 5

o 0

FIG. 6. Self-consistent band structure of graphite for Slater's exchange-correlation approximation. Dashed lines
denote r bands, solid lines denote or bands.

the major changes in the self-consistency process by a density-dependent factor that varies from T (at
are those for the carbon electrons. high density) to 1.2 (at low density). For the densi-

The energy shifts between the non-self-consistent ties appropriate to graphite, the factor varies only
and self-consistent energy-bands result from the from 0.7 in the bonding region to 0.9 between car-
charge-density changes shown in Figs. 1-3. bon planes. As a result, the Slater exchange-
Namely, the superposed atomic density (Fig. 2) is correlation potential is systematically more attrac-
too diffuse to self-consistently screen the ionic po- tive in the bonding region so that the self-consistent
tential of the crystal. The resulting first-iteration density is more concentrated in the bonding regions
charge density (Fig. 3) is overconcentrated in the than is the density derived from the Hedin-
bonding regions. (The corresponding energy bands Lundqvist form. The resulting zone-center eigen-
are shown in the far-left portion of Fig. 5.) By the values are illustrated in the second panel of Fig. 5
final iteration, the charge [Fig. l(a)] has relaxed and the complete band structure is given in Fig. 6.
slightly into the nonbonding regions, and the tr The band energies are also listed in the second
bends become lowered in energy. The unoccupied column of Table II. It is evident that concentration
r + band is lowered by 3 eV in energy during the of the wave functions of the occupied states into the
self-consistency iteration. The lowering of the ener- bonding region causes the splitting of the bottom of
gy of the r and r + states, which have appreciable the " band to decrease by 0.5 eV and causes the
extent in the region between the carbon planes, is unoccupied r + band to move up by 2.5 eV in ener-
affected mainly by the exchange-correlation poten- gy. The splitting of the bands near the Fermi level
tial which becomes more attractive with increasing for the Slater approximation is in slightly poorer
electron density. It is important to have a complete agreement with experiment than is the splitting for

basis set to correctly describe the self-consistent the Hedin-Lundqvist approximation.
- charge.

The effects of the exchange-correlation approxi-
mations on the bands of graphite were studied by V. SUMMARY
performing a self-consistent calculation using
Slaters exchange approximation.26  The Hedin- This study has demonstrated that self-consistent
Lundqvist exchange-correlation potential is general- local-density calculations for graphite are capable of
ly less attractive than the Slater exchange potential determining electron-charge-density distributions in

-* .C
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Effect of In-Plane Density on the Structural and Elastic Properties
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Dramatic differences in structure, elastic properties, and order-disorder tempera-
tures are observed for stage-2 Li-graphite of different in-plane density, indicating 7
the importance of long-range interactions in cohesive properties. LIC,. is three-di-
mensionally ordered up to - 300 K with .3 x 3 iU superlattice and AA graphite stack-
ig, whereas LiCt8 is disordered at 300 K and has AB stacking. LO and LA (001)
phonon energies are 30% greater in the former, which can be understood in terms of
electrostatic effects.

PACS numbers: 63.20.Dj, 61.12.Dw, 62.20.Dc

We report several dramatic differences in vi- axis. In contrast, most of the ITMD's are stage
brational and structural properties between dense I at all accessible concentrations with continuous-
and dilute compounds of state-2 Li-graphite. Spe- ly variable filling of the van der Waals gap. Sev-
cifically, we have observed major differences in eral recent results3 '4 imply that stage-2 Li-
intercalate ordering, graphite stacking sequenc- graphite occurs with two different intercalant
es, order-disorder temperatures, and (001) Ion- densities within the occupied van der Waals gaps,
gitudinal phonon energies by means of neutron both of which are at least metastable at 300 K. It
scattering measurements. The considerable re- is the only known graphite system to do so. The
cent interest in the ordering transitions of graph- unique possibility of exploring crystal structure,
ite intercalation compounds' (GIC) and the simi- phase transitions, and lattice dynamics via neu-
larity of ordering and/or staging phenomena to tron scattering in intercalation compounds of dif-
those in related systems [e.g., rare gases ab- ferent in-plane stoichiometry is provided by our
sorbed on graphite 2 and intercalated transition- ability to synthesize large samples of Li-graph-
metal dichalcogenides' (ITMD)j impart a wider ite. The ITMD's can only be prepared in the
relevance to the results reported here. form of powder or small crystals and are thus

GIC's generally progress from small to large not amenable to lattice dynamics studies by neu-
intercalant density through staging. A stage-n tron scattering. The present work represents
compound consists of a sequence of n graphite lay- the first such study of an intercalation compound
ers and one intercalant layer repeated along the ¢ as a function of in-plane density.

182 © 1983 The American Physical Society
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Stage-2 Li-graphite is prepared in two distinct Figure 1 is a schematic representation of the
colors, pink and blue, by immersing Union Car- elastic scattering results. For LiC,2 at 295 K
bide highly oriented pyrolytic graphite (HOPG) or (,00) scans reveal cylindrically averaged (100)
Goodrich pyrolytic graphite (PG) in molten Li/Na and (200) reflections from the V3xvI3 Li super-
alloy. We used 99% enriched 7Li. The blue sam- lattice, while the (101) and (V301) scans con-
pless are grown in 3.5 mol% Li at 200-300 °C firm" I the unusual aAAaAA ... stacking. In con-

while pink is obtained with 5-60c Li at 400 *C. Oth- trast, no Li reflections are found in LiC,,, and
er reaction conditions 4 as well as the vapor-phase the (413 01) scan shows a doubling of the unit cell
technique3 also appear to give two distinct phas- along F indicating AB/BA/AB... stacking. This
es. Experiments were carried out on both HOPG sequence is locally similar to graphite (ABAB .. )

and PG samples using a triple-axis spectrometer but different globally from all other stage-2 alka-
at the Oak Ridge high-flux isotope reactor with li GIC's (AB/BC.'CA.• ). The same diffracto-
fixed incident neutrons of 14.77 meV or fixed neu- gram is found for LiC1, quickly cooled to 10 K,
tron final energy of 13.65 meV. The HOPG and implying either that the order-disorder transition
PG samples had about 5' and 120 mosaic spread (if any) occurs below 10 K or that the ordering
after intercalation, respectively. The samples process takes place very slowly below 300 K. In
were packaged in stainless-steel envelopes. 6 Re- contrast, LiC,1 disorders at To- 500 K; the cor-

suits were identical for both types of starting ma- responding process in stage- I LiC6 (aAaA stack-
terials; most of the inelastic data were obtained ing) occurs ats , 1 2 715 K. Intensity estimates for
from the larger PG samples. various ordered LiC 1, phases indicate that their

The Drude edges of the pink and blue materials reflections would have been observable in the
are 2.6 and 1.45 eV, respectively, indicating that 001) scans had they existed. Details of the phase
the pink samples have higher in-plane Li density.7  transitions will be presented elsewhere.
DiCeuzo, Bau, and Wertheim conclude from x- The Li-graphite system is unique in that one
ray photoemission core-level intensities that blue must invoke attractive interlayer Li-Li interac-
samples have a chemical formula LiC,i. In this tions, in addition to the repulsive elastic and/or
work, we observe a ax a Li superlattice for electrostatic interlayer interactions'13 in order
pink samples, consistent with Guerard's original to arrive at an eclipsed intercalant stacking se-
report on stage-2 Li-graphite of unspecified col-
or' and with more recent data of Billaud et al.4 on
stage-2 Li-graphite described as blue. We find
that the pink color degrades superficially towardso-A
blue even in clean argon atmosphere, so that Bil- 4 -000A

laud's blue material can reasonably be consid- 3 000 00 

ered to be the same as Guerard's stage-I and our , 2 A

pink compound. The ax V1 Li superlattice im- I LIC 12
plies an ideal chemical formula LiC,2. Using the 0
intensity of Li(100), Li(200), and graphite(100) 0 V7 2
reflections,10 we estimate that the pink samples h

used in this work are LiC,3.,.3 . Weight-uptake A

measurements are unreliable because of variable

amounts of alloy which occupy gross defects in 4- A

the starting material.' The repeat distances of t 3

LiC12 and LiCs were found to be 7.024 and 7.055
*0.005 A, respectively, consistent with stronger L2C18
interlayer Li-C Coulomb interaction in the dens-
er phase. Similar effects are observed in over- 0o i

charged acceptor compounds.'" Intermediate
compositions either do not exist or are much

less stable. In samples with overall Li concen- FIG. 1. Schematic reciprocal-space diagram for
tratins tbetwen s amples i overl istnce- UC, at 29.5 K and UCq at 10 K, indicating the scans
trations between LIC,, and LiC,2 , two distinct performed (heavy lines) and the reflections observed
phonon branches characteristic of the pure phas- (filled circles: predominantly graphite reflections;
es are detected, suggesting separation into blue open circles: Li reflections). ndexing is in units of
and pink phases, the LIC. cell. Implied structures are shown as insets.
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quence in LiCe. This attractive component must properties transverse to the layers. To the best
be fairly long range because it is still important of our knowledge, this is the first time that such
in the stage-2 compound LiC,. Since LiC, and an experiment has been possible. The low-fre-
LiC 2 have the same in-plane structure and inter- quency slopes yield sound velocities r, and corn-
calant stacking, the -200 K difference in To's is pressibilities kt as follows: 5.56x 101 cm/sec
a rough measure of the difference between the and 2.69x 10-12 Cm2 /dyn for LiC,2; 4.07x 10' cm/
net Li-Li interlayer interaction acting at distanc- sec and 1.42x 10 32 cm2/dyn for LiC,,. These
es of 3.7 and 7.0 A. Even at the larger distance, values, along with previous data' s on MC2 W!

this interaction is apparently strong enough to =K, Rb, Cs), are consistent with a simple model
override the C-C interlayer interaction, forcing for the elastic energy, in which the contribution
the unusual AA sequence as long as the Li's are of the two adjacent C layers k, is graphitic and
locked to their C neighbor layers. In LiC,5 , on the C-I-C sandwich is represented by an electro-
the other hand, either the lower density or the static term k,. The composition law gives k,-
absence of a commensurability term reduces the = (c, k, ck,)/ (c, c,), where c, and c, are the
Li-C nearest-layer coupling such that the C-C appropriate layer separations, 3.70 and 3.35 A,
nearest-layer interaction (which favors AB stack- respectively. We estimate the concentration de-
ing) takes over, yielding the usual graphitic se- pendence of k, as follows. The electrostatic en-
quence. This weak Li-C coupling may be a fac- ergy for the C-i-C sandwich has recently been
tor contributing to the lower To of LiC 5. shown to be " E., ccAo a2c, where a is charge/

Figure 2 shows the measured (001) phonon dis- area and A, is area per I atom. The electrostat-
persion for LiC 2 and LiCls, along with the fits ic and total energies for the sandwich are related
of a one-dimensional nearest-neighbor force- by17 $E,6 /8c, = 3c, &2EA/8c.'. But the sandwich
constant model which we discuss later. The pho- compressibility is defined as kh (Fo/cd)(9Eto /ot
non energies are - 30% greater in the denser ma- &C,2)'. Combining these equations gives the par-
terial. Since the two branches observed are pri- ticularly simple result ki _ o'2; i.e., k, decreas-
maily graphitelike,"4 we are directly probing the es with the inverse square of the concentration
effect of intercalant density on the host elastic (assuming unity charge transfer). Interestingly,

k, is independent of sandwich thickness c. These
results combined with the composition law pre-

• ', I 1 dict a linear relationship between the experimen-
tally measured quantities plotted in Fig. 3, with
an intercept equal to the graphite value. The fact

151- "-- 'ooC~,

LU C C LiRCZ

to ,01 02et (0 4 6- LII:f
W7" 'I 

aS o~K* t4

LIC~sU , 2 (pinkh)

-, LC 12  2 -RPH ITE

I I I 200 400 600 800 

01 02 03 04 05 -c' (10-,2 cmZ)

FIG. 3. Scaled compressibilities vs the scaled in-
FIG. 2. Experimental (001) phonon dispersion for verse square of intercalant concentration for stage-2

UC12 (circles) and UCtl (triangles). Solid and dashed alkall GIC's. Solid line is the electrostatic model re-
curves are the corresponding fits of a nearest-neighbor sult described in the text and the symbols are from
force-constant model (Ref. 15), shown as an inset. neutron data (present work plus Ref. 15).

184



VOLUMIE 50, NUMBun 3 PHYSICAL REVIEW LETTERS 17 JANUAa 1983

that these predictions agree with all the available and by the Department of Energy under Contract
data"5 to within 10( indicates that the interlayer No. W-7405-Eng-82; Oak Ridge National Labora-
C-I interaction is indeed primarily electrostatic. tory is operated by Union Carbide under Depart-

We attempted to analyze the data of Fig. 2 with ment of Energy Contract No. W-7405-Eng-26.
a nearest-neighbor force-constant model, moti- Sample preparation was supported by the Nation-
vated by its successful application to the lower al Science Foundation-Materials Research Lab-
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LiC1, is good, yielding p, - 5750 dyn/cm and 02 to Dr. H. Zabel for helpful discussions and pre-
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for the optic branch (Fig. 2). Further evidence and Dr. N. Wakabayashi and the generosity of
of the failure of this model for LtC, is that (p2  Dr. A. W. Moore of Union Carbide in providing
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MC2,) give (02 values comparable to graphite (as
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Experimental phase diagram of lithium-intercalated graphite
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First-otder transitions to dilute step I from stages 2-4 and from mixed stages are observed

in Li-graphite compounds in the range 430-1020 K. The resulting (Tx) phase boundary agrees
generally with predictions by Safran and others except for a sharp peak of very stable stage-2
compositions around x - 0.4. The commensurability energy does not contribute to this peak
since both low-T and high-T phases are disordered.

A unique feature of intercalated layer crystals is the 1200
phenomenon of staging.t whereby the foreign atoms 201
occupy a periodic sequence of van der Weals gaps in
the host crystal (every nth gap in a stage-n com- 1100 -
pound). The stability of long-period coherent struc-
tures has been attributed to long-range electrostatic OOO-

or elastic ("coherency strain") repulsion among in-
tercalant layers.' Safran' pioneered the calculation of 900-

* ( Tx) phase diagrams for layered intercalates (x is
* ' the concentration expressed as a fraction of the sat- 800 .
7. uration value). At low T, compositions which do not
"* correspond to pure stages are predicted to macroscop-

ically phase-separate into mixed stages, as observed in 70-
graphite compounds at 300 K. Safran's simple two- /
body model predicts a high- T transition T,(x) at 600 /

-%. which any compound with x < 1 transforms at con-
slan x to a stage-I sequence by reducing the in-plane 500
density. ) The existence of the dilute stage-I phase at
high T is insensitive to the details of the Hamiltoni. 400-
an, but the phase boundaries reflect the inclusion of
additional interactions, screening, etc.4.3 We have ob- 300,
served transitions to dilute pure stage I in Li-graphite
compounds with 0.16 < x < 0.99, using x-ray and
neutron diffraction (the latter performed at the Oak 200
Ridge High Flux Isotope Reactor). These are plotted "
a the solid dots inFig. 1, which shows a narrow 00 0 0 0 1.0
peak of extremely stable stage-2 compositions ranging
from x -0.3 to 0.5, a feature which is not accounted X
for by any of the model calculations.'3  The peak ap- FIG. 1. Experimental upper phase boundary for Li-

. pears to be superposed on a weaker x dependence of graphite compounds. Solid dots represent phase-transition
T, skewed in favor of dilute compounds, as predicted temperatures (from x-ray or neutron diffraction) above
when elastic guest-host interactions are included.4  which only stge I is present. Except near x - I there is a
This is the first systematic study of the concentration corresponding loss of in-plane order; the x - 0.99 smple is
dependence of T, and thus provides experimental in- three-dimensionally ordered pure stee I from 433 to 715 K
put to the (T~x) staging phase diagram of a prototyp- (open circle from Ref. II).
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ical system.' We present here an account of how Fig. stages higher than 2 were assumed to follow the di-
I was obtained, deferring for a longer article a discus- lute LiCgx,, sequence at 300 K: LiCn stage 3'. LiC36
sion of the phase boundaries of higher stages, de- stage 4', etc. The pale gray colors are consistent with
tailed analysis of the transitions, etc. smaller Li content than blue LiC,,. etc. From Fig. I.

We screened several intercalants by looking for evi. T,(x) is either relatively flat or sharply peaked in dif-
dnece of the stage-2- stage-I transition with dif- ferent regions of x. Thus our approximate x deter-
ferential scanning calorimetry. Li-graphite com- mination is adequate over most of the range while
pounds showed such evidence at accessible tempera- extraordinary efforts would have to be made to
tres whereas KC1, and CsC2 did not. An advantage resolve different x values near 0.4 corresponding to
of the Li-graphite system is the existence at 300 K of different T,'s.
two different stage-2 compositions LiC, 2 and LiCs. The solid dots in Fig. I denote the temperatures at
which permits the study of in-plane density effects at which pure stage-I (001) diffractograms are first ob-
constant stage! We label these stages 2 and 2', served upon heating samples of various x. These
respectively, where the unprimed integer denotes an transitions are all first order, exhibiting - 10-K hys-
ordered commensurate in-plane structure while the teresis. Above 433 K the x - 0.99 sample is pure
primed integer indicates a (generally) less-dense three-dimensionally ordered stage 1, presumably with
structure with no long-srange order. The model calcu- Li vacancies because the low- T phase contains 2
lotions do not consider in-plane order or lack thereof. vol% stage 2. Upon further heating to 715 K the
the predicted structures being delineated only by the three-dimensional Li order disappears" (open circle),
sequence of occupied saps. Another advantage is the implying the existence of a second boundary between
low Li vapor pressure such that our samples, sealed ordered and disordered pure stage-I phases (dashed
in thin stainless-steel containers, could be run at high line), the former supporting a significant vacancy
T without deintercalation. (We included excess metal concentration at high T by analogy to CsCs. 2 A
alloy in the containers to maintain equilibrium similar sample transforms to pure stage I at T(0.90)
vapor pressure, a precaution which was probably -467 K, establishing the weak x dependence of the
superfluous-see below.) boundary near x - 1.

Unfortunately Li intercalation compounds Mixed stage samples near x - 0.5 show complex
transform irreversibly to lithium carbide LiC, above behavior upon heating. Figure 2 shows the normal-
750 K (Ref. 8); we turned this to our advantage in ized T dependence of Lit100) and representative
some cases. Visible quantities of Li or Li-Na alloy (001) peak intensities for x - 0.55 (stage 2 + 10%
are often incorporated in macroscopic cracks during step I at 300 K). The stage 2 (004) drops abruptly
liquid-phase synthesis,9 which complicates the deter- at 495 K to 40% of its initial strength, levels off, and
mination of x Thus chemical analyses' of stage 2' then disappears between 510 and 520 K. Mirroring
samples range from LiCK4 s to LiCs while x-ray pho- this two-step behavior is the growth of stage-I (002)
toelectron spectroscopy (XPS) core-level intensities'0  intensity which is attributed to dilute disordered stage
give LiC1 s1. We adopt the latter value as being con- I' above 520 K since the Li(100) is gone. Between
sistent with the blue color, relative to the pink and 495 and 510 K, (101) neutron scans show stage-I
gold of LiC12 and LiC6, respectively. The presence of periodicity so the ordered Li comes from stage I
alloy in intimate contact with the compound also while the remaining stage 2 must be disordered. To
raises concern that x may vary during a high-T run. confirm this, we recorded a (001) scan (carbon
We find, however, that the diffracted intensities of row) and found a mixture of A -A (stage 1) and
the low-T phases are quite reproducible after repeated
cycling (except when Li2C 2 is formed), probably be-

* cause thet ime scale of the experiment is short com- .

pared to the intercalation time and/or because the 1.0
compound is in equilibrium with the alloy from
which it was grown. Thus we neglect the possible -

presem of free metal in determining x. Most of our ' .o004 s2 5t2
samples were mixed phase at 300 K. The relative # "-oo s. T
amounts of the various phases present in a given 0.4 - ', ,u (oo)
sample were estimated from (001) diffraction inttnsi- B
ties in most cues, the exception being mixtures of ..
stages 2 and 2' which were analyzed via their dif-
ferent carbon-leyer stacking sequences.! Equivalent 2;F 5OO 520 540 560
homogeneous-phase x values were obtained by as- r (K)
signing x - 1.0, 0.S, and 0.33 to pure stages 1, 2, and FIG. 2. Staging transitions for a sample with x -0.55.
2', respectively. We estimate the error in x to be Normalized peak intensity vs T for stage 2 (004). stas I
.0.02 via this procedure. Single-phase samples of (002) from x rays, and in-plane Li(00) from neutrons.
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AB/BA (stage 2') stacking. We take the midpoint of tions3 thus provides a reasonable basis for treating
the upper transition as T,(0.55) = 515 K. The data the statistical mechanics of staging. The upper boun- 0
in Fig. 2 were obtained by monitoring a peak after dary in Safran's model is symmetric about x - 0.5;
each step change in 7. stabilization generally occur- our data aro better reproduced by including an elastic
ring in less than I h. Both transitions are fully rever- guest-host interaction which breaks the symmetry.4
sible.'3  The most surprising aspect is the sharp peak between

Dramatically different behavior occurs in a slightly x -0.33 and 0.49; stage 2' at some x is apparently
different sample, stage 2 with 5% stage 2' at 300 K stable to at least 11SO K. None of the proposed
whence x - 0.49. These coexist until 503 K where modifications to the theory account for this dramatic 0

the stage 2 begins to disappear and stage I emerges. effect. The possibility of a second-order transition
The coexisting I + 2' transform at 533 K to 1' + 2' as near the stability limit - can only be tested on ma-
the last of the Li(l0) disappears. This (third) terials with lower T,.
mixed-phas region continues up to T(0.49) -733 K In Safran's model the T scale depends only on Uo,
where the 2' disappears. Holding the sample at 750 K the in-plane two-body attractive interaction. On this
leads to gradual formation of Li2Cz, leaving behind basis one would therefore expect similar Ti's for Li
a lamellar compound with reduced x value. This pro- intercalated into different hosts. At 300 K LiTiS2
cess increases T. noticeably, confirming the large (0 < x < I) is stage 1' at all X, 4 & situation which
negative dT/dir through the point (743 K, 0.49). obtains in graphite only above 1150 K if at all. Since

X-ray studies of three "LiCit" samples showed the main features of the simple model appear to be
very different behavior upon heating, suggesting borne out by our results, one is tempted to reconcile
slight differences in x and a steep phase boundary. this discrepancy in the simplest terms possible. For
One such sample transformed completely to Li,2C at example, an attractive guest-host interaction, stronger
1150 K without showing any staging transitions en for graphite than for TiSj, could be incorporated into
route. The other two passed through narrow ' + 2' Uo as an indirect contribution to the Li-Li in-plane at-
mixed-phase regions and then transformed to pure i' traction." On the other hand. the sharp peak in our
at 875 and 1020 K upon first heating. Reversibility phase diagram could be unique to graphite, in which
was confirmed for the former by working quickly as case the T scales for Li.TiS2 and LixC6 may differ by
the LiaC2 formed. The attendant reduction in x de- less than a factor of 2. Similar low-T experiments on
creased T,. indicating a large positive dT/dx. We LiTiS2 would clearly be of great interest. f,
identify the transition as '+ 2'- 1' since a (101)
neutron scan of LiC,, at 773 K confirms thatthe Li ACKNOWLEDGMENTS
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ABSTRACT

First-order transitions to dilute stage one from stages
2,3 and 4 and from mixed stage 1+2 are observed in Li-gra-
phite as predicted by Safran. The upper phase boundary is
asymmetric in concentration and is sharply peaked about
x - 0.4. The phonons in the dilute stage 1 have energies
between those of LiC6 and graphite. Unlike the stage 2 com-
pounds, the compressibility does not scale in a simple way
with intercalant density.

INTRODUCTION

Staging is one of the most interesting and unique properties of graphite
intercalation compounds. Stage n is a periodic sequence of n layers of gra-
phite and one layer of intercalant. Recently, Safran (1] predicted that only
stage 1 is stable above a certain temperature Tm. The transitions from high
stages to dilute stage 1 are predicted to be first order except in a limited

- region near Tm where the transition from stage 2 to dilute stage 1 should be
-. second order. The theory is based on a Hamiltonian including two-body attrac-

tive in-plane and replusive interplane interactions and the entropy of a
lattice gas at finite temperature. Pure staging at T-0 is a result of inter-
layer repulsion, the in-plane density being determined (consistent with stoi-

"- chiometry) by maximizing the total attractive energy. At finite T the entropy
.- of a 2D lattice gas with vacancies overrides the entropy due to "staging
* defects', such that pure stages (or mixtures thereof) remain stable. Thus

staging transitions from high to low stage are expected to occur as a function
of increasing T, the transition temperature depending on x, the overall inter-
calant concentration expressed as a fraction of the maximum value. The upper
phase boundary between dilute stage 1 and high stages (or mixtures thereof)
is sysetric about x-0.5 in Safran's model, a direct result of the two-body
-miltanian. In recent extensions of the theory, Dahn et. al. (2] included

.7 an elastic guest-host interaction and Millman et. al. (3] accounted for the
energy required to separate host layers during intercalation. The latter
authors also studied the effect of screening the interlayer repulsion. Either

* type of modification removes the synetry about x-0.5 at the expense of intro-
ducinq more parameters. The high-T transition to dilute stage 1 is a general

*" conseqence of the entropy contribution to the free energy and is thus indepen-
dent of the details of the model Hamiltonian.



We report here an experimental study of staging transitions to dilute stage
- versus x, and the high-T phonon spectra of the dilute (disord4ered) stage 1
phase. Li-graphite was chosen for this work because it is the only graphite
intercalation system which showed evidence from preliminary differential scan-

*ning calorimetry for phase transitions at accessible temperatures [4]. Quanti-
- tative DSC will ultimately be useful to fully characterize the transitions re-
* ported here. Li-graphite is also the only graphite system that can be prepared
* in two different stage 2 stoichoimetries, LiCl2 and LiCl8 [5], which allows us

to explore the effects of in-plane density at constant stage. In a yrevious
study [5] we found that the phonon energies are higher for LiCI2 (v3 : v3 Li

*superlattice and AA graphite stacking sequence) than for LiCl (AB/BA stacking
* sequence, "/" denoting disordered Li). Using the data of Zabel and 11agerl for

other stage 2 alkali-metal graphites [6], we found that the c-axis compressi-
-* bility decreases with the inverse square of the in-plane intercalant density

as expected for a purely ionic model of inte-layer bonding [71.

EXPERIMENTAL

The lithium graphite samples were prepared by immersing highly oriented
pyrolytic graphite (HOPG) or pyrolytic graphite in Na/Li alloys at high temp-
erature. The samples were sealed in thin stainless steel containers. Both

*x-ray and neutron diffraction were studied versus T, the latter being particu-
larly important for stage I and 2 samples since they permitted both (00X) and -

(hko) scans to be recorded in reasonable times. For stages 3 and 4 only (CO")
x-ray data were obtained. The neutron experiments were performed on a triple-
axis spectrometer at the Oak Ridge High Flux Isotope Reactor.

:20 1 1 1 X,0,491
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900 Fig. 1. Experimental phase dia-
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RESULTS AND DISCUSSION

Figure 1 shows the (T,x) phase diagram deduced from staging transitions
versus T at constant x, observed in Li-graphite samples with x=0.16, 0.22,
0.33 (two samples), 0.49, 0.55, 0.90 and 0.98. The heavy dots reprasent re-
versible transitions to dilute stage 1 at TW(x) and thus define the upper phase
boundary. The primes denote disordered Li layers while the unprimed stages
all exhibit the r x r3 in-plane superlattice. The triangular region near
x-l implies a range of T and x in which 3-D ordered LiC6,+ is th3 stable phase,
the open circle representing the 3-D melting of -LiC6 . 1 [8]. Key features of
the upper phase boundary are a) Tc is only weakly dependent on x for x < 0.25
and x > 0.5; and b) a sharp peak centered at x - 0.4 indicates an unusually
stable phase (or phases) with n=2. The existence of the peak was confirmed
by briefly holding the x=0.33 and x=0.49 samples above 750K, tha temperature
at which the intercalation compound LiCy transforms irreversibly to Li.:C2 . In
our case we have LiCy ALi2C2 + BLiCy' where y' > y independent of A and B,
i.e., x is reduced. We then remeasured Tc of the remaining intercalation co-
pound, and qualitatively confirmed that dTc/dx is large and positive at
x - 0.33 but large and negative at -x-0.5. All other samples exhibited fully
reversible transitions with small hysteresis; the x-0.55 sample was cycled a
total of 10 times in the x-ray and neutron experiments and Tc was constant to
within several K. Our results are in good qualitative agreement with Safran's
theory; dilute stage 1 is the only stable phase at high T over most of the
range of x, and Tc is greater near x-0.5 than at x-0 or 1. In contrast to
Safran's prediction, the experimental boundary is markedly asymmetric about
x-0.5 both regarding the peak location and the asymptotic values of Tc at
large and small x. As pointed out by Safran, this is due to the binary inter-
calant interactions assumed in his model; inclusion of other interactions
i.e., quest-host elastic interaction (2]) will break the slmmetry.

* The initially mixed stage samples exhibit multiple transitions en route to
stage l' which give information on the stable phase boundaries for stages n
and n' > 1. These will be discussed in detail elsewhere. We show in Fig. 2

1.0

- Xi 0.55
0.6 •(004) sT.,

-(002) ST.l

-: ~0.2 6.-''
,048 0 U (00)

0.2-

2o 500 520 TM50 560

.... Pig. 2. Temperature dependence of normalized diffraction
intensities for x-0.5S. (00) 's from x-ray, Li(100) from
neutron diffraction.
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an example of the observed behavior. Plotted are the normalized temperature
dependences of Li(100) and representative (OOL) peak intensities for the x-0.55
sample. At 300K .the sample is -90% LiC12 (stage 2) and -10% LiC6 (stage 1) as
deduced from scanning the Li(100) along c*. The stage 2 (004) drops abruptly
at 493K to -40% of its initial strength, levels off and then disappears between
507 and 515K. Mirroring this two-step behavior is the growth of the stage 1
(002). The transition sequence is summarized in the upper right corner of Fig.
1. The intermediate phase is identified as a mixture of stages 1 and 2' frcm
a c* scan of the Li(100). At both staging transitions we also observe a loss
of Li(100) intensity, suggesting that the kinetics of staging t-ransitions are
mediated by the Daumas-Herold domain mechanism [9].

An unexpected result is the stability of two distinct stage two phases over
a wide temperature range [5]. These are labeled 2' and 2 in Fig. 1. We have
no evidence to suggest that they merge at high T, as might be expected from
the two-body calculations (1-3]. Clearly scme aspect of the 2D Li layer struc-
ture is responsible for this behavior; such effects have not been incorporated
into the existing models.

It is also apparent that guest-host interactions play an important role in
locating the phase boundary on the temperature scale. The LixTiS2 system at
300K exhibits continuously variable x with constant stage 1' during electro-
chemical intercalation or deintercalation (2], so the upper phase boundary lies -

below 300K at all x. This is in marked contrast to the present results for I-
the same guest in a graphite host (Fig. 1). Since the general shape of the
phase boundary is correctly predicted without explicitly accounting for guest-
host interaction (11, a reasonable first-order correction to the two-body -

Hamiltonian might be to assume that the host mediates the in-plane intercalant
attraction, for example by weak hybridization of valence orbitals. Thus the
data for Li in graphite and TiS2 can be reconciled in the framework of Safran's
model with a larger effective in-plane Li-Li attraction in the former, attri-
buted to a greater degree of hybridization between Li and C relative to Li and
S orbitals. It is also reasonable to expect LixTiS2 to e:hibit transitions to
higher stages at low T, by analogy to Fig. 1 (although the kinetics might be
prohibitively slow).

Ii I I I I "
20 --

X I

X *055

X 0
wz

0o 0.1 0.2 0.3 0.4 0.5

q Ic/27r ,

Fig. 3. (001L phonons for LiC6 at 300K 400, stage 1' with
x-0:55 at 550K. to), and graphite at 300K (m~).

.52~TH,



In Figure 3 we compare the (001)L phonon dispersion curves for stage 1 (x=l)
at 300K [10], stage ' (x*0.55) at 550K and graphite (111. Since the Li
stage 1 repeat distance is only 10% greater than the C-C interlayer spacing,
all three materials can be viewed in zero order as stage 1 compounds with in-
plane "coverages" of -1, 0.55 and 0 respectively. At constant q, the phonon
energies increase with coverage, the dilute stage 1' lying between LiC6 and
graphite. This is in qualitative agreement with the trend observed in LiCe2
and LiCl8 at 300K, for which the compressibilities scale with in-plane density
as would be predicted by a simple coulomb model of interlayer bonding. On the
other hand, the nearest neighbor force constant model which predicts a simple
relationship between compressibility and intercalant density for stage 2 fails
in stage 1. It is also clear that the initial slopes of the acoustic branches
are quite different for KC8, RbC8 and CsC8 which have the same in-plane
density [6]. The available uata suggests that the in-plane density effect at
constant stage is much stronger than either the effect of varying the alkali
species at constant stage or the stage dependence within a given family of
compounds. Data from additional stage 1' samples with different x-values
would be useful for quantitative comparison of the several factors which in-
fluence the phonon dispersion.
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STAGING TRANSITIONS IN INTERCALATED GRAPHITE

J. E. FISCHER*, C. D. FUERST-* and K. C. WOO
Laboratory for Research on the Structure of Matter, University of Pennsylvania,
Phildeiphia, PA 19104 (U.S.A.)

Recent experimental results on staging transitions in intercalated
graphite are summarized. Transitions to dilute stage 1 at high temperature
are observed for LiC 6 with 0.16 < x < 0.99 which give the first experimen-
tal information on the upper phase boundary in the (Tx) plane. We observe
a transition from dilute disordered stage 2 to ordered stage 3 either at low
T or high pressure; the connection between P and T suggests other low-T
staging transitions. We also report the first observation of a fractional stage,
CMCCM... sequence, as one of the constituents of KCs in the pressure range
15- 19 kbar. Finally, we discuss an unusual ordering transition in "KCs4"
in which the stage 7 sequence of occupied galleries approaches perfection
at low T.

Introduction

An important feature of graphite intercalation compounds is the
progression of periodic sequences of filled and empty galleries whose repeat
distance decreases as the concentration increases to saturation. These can
be viewed as staging transitions vers concentration or chemical potential.
Statistical mechanics calculations pioneered by Safran [1) provide a frame-
work for understanding staging transitions versus temperature and/or
concentration. Figure 1 shows the (Tx) staging phase diagram predicted
on the basia of a simple 2-body Hamiltonian which neglects the host lattice
entirely, except insofar as it defines the lattice gas sites available to inter-
calant atoms. A general prediction is that dilute stage 1 is the only stable
phase at high T regardless of concentration. The physical origin is the dimen-
sionality of the configurational entropy: there are more ways to decorate ...
2D lattice gas sites than ways to occupy a periodic 1D sequence of galleries.
Thus the high-T dilute stag 1 prediction is independent of model refine-
ments; in the simple case, the T scale of the stage I phase boundary is set
by the in-plane attractive interaction U0.

*Also Moore School of leetrical E neering.
**Ao Phfay Department.
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Fig. 1. Theoretical staging phase diagram based on 2-body interactions, after ref. 1. The
two heavy lines represent, schematically, the experimental observations for Li interca-
lated into T8 and graphite, after refs. 2 and 3, respectively. The 2-body model would
imply widely different Uo values for the two systems.

It has been traditional to distinguish GICs, which stage, from inter-
calated transition metal dichalcogenides (ITMDs), which mostly do not, by
invoking the tendency of the former to have commensurate in-plane struc-
tures, or at least to have discrete values of reciprocal in-plane density, s,
defined as the ratio of C to M atoms per layer of each. We now know that
this distinction is only a matter of thermodynamic scale. Shown schemat-
ically at the top of Fig. 1 is a horizontal trajectory representing the 300 K
electrochemical intercalation of Li into TiS2, a system which exhibits stage
1 periodicity independent of x [21. We can therefore deduce that in Safran's
model U0 < 750 K for this system. At much lower T/U o is a second "trajec-
tory" representing 300 K diffraction measurements on Li.C6, for which
periodic sequences up to at least stage 5 have been observed [3). Above
750 K, however, only stage 1 occurs over most of the range of x (see below),
and thus for Li-graphite U0 > 1500 K in the 2-body model. The different T t.
scales for the same intercalant in two host crystals underscore the need to
account for host dilation, guest-host interaction, etc. [2, 4.

Several types of periodic sequences are predicted to occur in Safran's
model and in subsequent modifications [4]. An example is "fractional
stages" with more than one M layer per repeat unit, e.g., stage 3/2 with
CMCCM as the c-axis repeat. Safran did not discuss these in detail since they
had not been seen experimentally, and later theoretical work included
efforts to eliminate fractional stages from the equilibrium phase diagram
[4). Not surprisingly, second- and higher neighbor interlayer interactions
are needed to stabilize these more complex stages. We present below the
first experimental observation of a fractional stage, which occurs only at
high pressure [5]. It is not at all obvious how this fits in with our current
understanding of the phase diagram.

Prior to the phase diagram calculations, Safran and Hamann [61 showed
that long range elastic dipole repulsion between intercalant islands would
drive the system to perfect staging. With no constraints on s, single stage

I - -
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regions could exist over a range of x. If a were "quantized" (e.g., by the
tendency to form in-plane commensurate structures), then either phase
separation into multiple stages would result except at a few special x values,

# or defects would appear in the staging sequence to accommodate the correct
ratio of filled to empty galleries. We have quantified the staging defects in
a nominally stage 7 K-GIC; these defects are presumably metastable at 300
K, being due to quenching in a small deviation from the equilibrium stoichio-
metry of the single stage compound. The defect concentration diminishes
markedly at a low-T first-order phase transition (71 which is also observed
in c-axis resistivity (81 and static susceptibility [9].

Phase'diagamn of Li1 C6  .

Figure 2 is a simplified schematic version of the experimental phase
dipram (101 which ignores the distinction between 3-D ordered and in-
plane disordered structures [111. It is constructed from a number of high-
and low-T X-ray, and high-T neutron diffraction results on samples ranging
from z - 0.16 to x - 0.99. The solid dots on the upper phase boundary
indicate temperatures above which only stage 1 reflections are observed at
particular x values. As predicted, the transition to stage 1 is observed even
down to x - 0.16 (in-plane disordered stage 4 at 300 K, presumed to be
LiCu). Shaded regions denote mixtures of two stages. The unshaded single
stage regions for stages 2, 3 and 4 are inferred from intermediate transitions --

between the ground state and the dilute stage 1 high-T limit; these are dis- P
cussed in detail elsewhere (101. Strictly speaking, portions of these regions
are mixtures of two distinct phases [11], e.g., the region labelled "stage 2"

1100-L C

9M 0
-gas.

T00- 2 "liquid"

500 3

300

0 0.2 0.4 Q6 0.8 L.0
X -

Fig. 2. Eapedmesl staig phase diagram for Li.C5 derived fromk X-ray and neutron
dIfftactlona. Rxcept at x a 0.33. all compositions transform to diute stag. 1 (6) below
the chemica stability limalt 750 LC The spike of highly stable stage 2 compositions at
x 3; 0.88 Is not accounted for by existing theories.
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includes ordered "pink" LiC12 and dilute, disordered "blue" LiCls at some
(T,x) values. These coexist up to at least 500 K, but at very low T the only
equilibrium stage 2 phase is the ordered one with x = 0.5. In general, the
high concentration limit of a stage n region corresponds to the close-packed
ordered phase with general formula LixC., consistent with the ,/3 X v/3
superlattice. For example, stage 2 cannot exist beyond x = 0.5 due to hard
core repulsion.

The upper phase boundary in Fig. 2 confirms the overall features pre-
dicted by Safran (11, while the asymmetry towards greater stability of
higher stages at small x can be attributed to the effects of the graphite host
[2, 4). A major surprise is the strong peak between x - 0.33 and x = 0.49.
The Li-GIC system is known to be stable up to - 750 K, unambiguously
establishing the overall shape of the upper phase boundary. For the "super-
stable" concentrations we were obliged to continue the experiments into
a temperature regime in which the GICs slowly tranformed into Li2C2,
so it is difficult to extract detailed quantitative information about this
extremely interesting and unexpected aspect of the phase diagram. We know
for certain, however, that three samples of nominally x - 0.33 did not ex-
hibit any stage 1 lines up to 870 K, 1020 K and > 1150 K. The first two
temperatures are indicated by the dots on the steeply rising portion of the
phase boundary. Thus there inarguably exists an anomalous sharp spike
which is not accounted for in any of the model calculations. The spike
separating stage 2 from stage I cannot be attributed to commensurability
effects since stage 2 does not exhibit long-range in-plane order above 500 K.
In our view, the existence of this superstable region presents a major chal-
lenge to theories of staging in intercalated systems.

Similar experiments on heavy alkali GICs have been generally unsuc-
cessful. Apparently the T scale of the upper phase boundary is much higher
than in Li1 C6 or LiTiS2. It is tempting to attribute these different limiting
temperatures to variations in the elastic energy required to dilate the host
crystal [2]. TiS2 expands negligibly to accommodate Li, while the C-C inter-
layer spacing increases by 10% in LiC. For the heavy alkalis the expansion
ranges from 61% to 77% from K to Cs in graphite. The increased elastic
strain energy appears to correlate with the T scale of the stage n/stage 1
phase boundary.

While the dilute "LiC1 8" stage 2 with x = 0.33 may not transform to
stage 1 at high T, it does transform at constant x to a compact ordered
stage 3 at low T. Figure 3 shows the time-dependent growth and decay of
stages 3 and 2 (001) reflections, respectively, at a constant 240 K. Scans
along Li and C rows show a simple stacking sequence ABAABAa for
the low-T ordered stage 3 phase, which can thus be represented by LiC 6 X 3.
The fact that the transition does not go to completion means either (a) the
sample contains a small amount of dense stage 2 LiC12 at 300 K or (b) the
stoichiometry of "blue", dilute stage 2 is actually more Li-rich than LiCls,
or (c) 240 K lies in the 2 + 3 coexistence regime. We did not make detailed
studies us. T due to the slow kinetics; in Fig. 2 we have provisionally assigned
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TEMPERATURE: 240 K
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Slthough the time onstan e not the same. Other phates may be Present.

240 K a the upper imit of stage 3 at x 0.33. It is reasonable to suppose
tha noguher in-plane con nto occrst at lower T since LiC6 X 3 is
idioepacked (but e below for KCs!). o at x 0.33 the 1round state is
probably single sta3 e 3, pronreting through a slow 0t-order tansition to"
stage 2 at l 240 K and then to the stage 1 dlute limit at much higher T,perhaps in excess of 1100 K. As noted above, the steepness of the 2/1 . '

boundary at x 0.33 is completely unexpected, there bein no obvious
reason why tiny variations in site occupancy of a disordered phase should
have such a strng effect on the stability.

Similar transition sequences probably occur at smaller x, as suggested
by the tilted stages 3 and 4 single-phase regions. We have not confirmed
the alogousa low-T trahitons to orde urssruces having higher stae --

indices than at 300 K. We have, however, confirmed at x 0.16 the sequence
4 s 4 + 3 K* 3 - 3 + 1 - 1 upon heating from 300 K to 640 K [10 .

In s enerda, the procresdon from the ground state with increasing T
occurs risivty ofages of deareasi o index, with no evidence for fractiona-
stages. It is not known if the dense, ordwren t permi X-ra expger2
phases merge at some T. The stability region of stae 2 does not extend
below x - 0.25 since samples of stages 3 and 4 at 300 K tranisform to ste 1
with no stge 2 reflections evident in the mixed phase regions.

Dilute stage 2 Li-raphite exhibits a pre swinduced stagin4/densifica-
tion transition at 300 K, entirely aruaogous to what is observed in dilute
ste 2 K-graphite (121, KCw It also appears to be the same transition "-
discussed above, which occurred at - 240 K and atmospheric pressure The ' ' "

tion upon removing the pressue being slow enouglh to permit X-ray exper.
linents on route back to the P mi 0 structure. We initially observe a stae 3
sequence in the (001)'s which relaxes to pure stgle 2 in 1 - 4 days. If we
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assume that this is the same low-T transition which occurred at 1 bar, as
suggested by the similarity of pc(T) and pc(P) anomalies and by the slow
kinetics of both effects, then we can construct the 2/3 phase ooundary in
the (P, T) plane for x - 0.33 shown in the lower right-hand corner of Fig. 4.
We have chosen 220 K as the critical temperature at P - 0, assuming that
the incompleteness of the 2 - 3 transition at 240 K (Fig. 3) is due to
equilibrium coexistence at that temperature. Since the 2.9 kbar, 300 K
transition in "LiC1 s" is analogous to the 7 kbar, 300 K transition in KC24,

it is tempting to use the observed 1 bar, 220 K transition in the former to
predict an analogous low-T transition in the latter. This we do in Fig. 4,
assuming the same slope, dP/dT, for both compounds. This obviously
neglects many factors: the different volume per intercalant, different areal
densities at x = 0.33, and different degeneracies of the respective ordered
structures. Nonetheless, the prediction is that KC24 should transform to
ordered stage 3 upon cooling through - 120 K, a prediction which has not
been borne out by the many low-T experiments on this compound [131.
On the other hand, within the limitations of our extrapolation procedure,
it is perhaps more than fortuitous that the P = 0 extrapolation corresponds
to T., the upper anomaly temperature below which the in.plane structure
of KC24 exhibits a complex pattern of modulation satellites [13]. A possible
argument could be that the expected slow kinetics hinders the predicted
staging/densification transition, the result being the quenching in of the
observed complex in-plane structure. In fact, one plausible interpretation
of this structure is a modulation of the K layer by the graphite substrate
which drives the K-K near-neighbor separation towards the commensurate
2 X 2 value, 4.92 A. The slow kinetics thus frustrates in-plane condensation
from the 6 A nearest-neighbor distance in the disordered high-T phase,
which, in turn, would have triggered a stage 2 - stage 3 transition to preserve
bulk stoichiometry.

CLARKEKC24

6 - 2,

44

04 "Li Cli

4.

00 oo0 20 300

T (K)

Fil. 4. Schematic of the stage 2/stag. 3 phase boundary in the (PT) plane for x - 0.33.
"LICjs" boundary derived from observation of the 2/3 transition at (2.9 kbar, 300 K)
and at (1 bar, -200 K). Assuming identical slopes, an extrapolation of Clarke's datum
(ref. 12) to P a 0 Implies a staging/densiflcation transition in KC24 at T, where electronic
anomalies and In-plane ordering have been observed (raf 13).

I
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* KCC at high pressure

Subsequent to the pressure-dependent X-ray studies of Clarke et al.,
we measured p,(P) at 300 K for stages 1 -5 K-GICa up to 25 kbar [141 in
order to study the combined effects of stage changes and intercalant areal
density on the c-axis electronic transport. We were surprised to find a sharp
p, anomaly at 15 kbar in KC, since all the known structural transitions
involved condensation from s - 12 to s - 8 accompanying the increase in
stage index [12], and s -8 was thought to be the high-density, or hard
sphere limit for potassium in graphite. A staging transition in KCg would
imply densification to a smaller discrete value of s, as discussed in the
"Introduction". Alternatively, one might expect some stage disordering at
high pressure if the K-K nearest neighbor distance were to decrease below
the 2 X 2 commensurate value. Aspects of both phenomena were observed
in the (001) neutron diffraction experiments discussed below, and in single
crystal, high premure X-ra studies to be reported elsewhere (15].

Figure 5(a) shows an (001) neutron scan of KCs at 15 kbar [5). In
addition to the original stage 1 reflections, we observe five new peaks whose

a 1(001)

-h 3/2(005)

3/2(003)

0

3/2(002)

3/2(001) 3/2(004)

Sb' ;,o, ',(002)

2102
I-I

2(001)1. (0 elu t1 brw bev o h is

o0 !o . 1!5 i o "Z5'

F*. . Neuon (001) sms for KC at (a) 15 kbar and (b) 19 kbar, both at 300 K (ref. 5).
Both prmm we in stable, mised.tag refio At 15 kbar we *bar for the ti
tie a "traetional sA", with layer sequefce CMCCM... Le., stags 312. Solid lines cal-
culated Wm the Hendrik&-Teller model (ref. 16) to aecoant for stagMin defects (see

.. . ..- .. .w . ., . .
.. . . ... ) . . .. . . .. . .. -- ,i t
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13.61 A repeat distance is appropriate for the sum of stage 1 and stage 2
packages at this pressure, i.e., CMCCM... staging sequence denoted stage 3/2
(3 carbon and 2 metal layers per repeat). The transition to a stable 2-phase
region can be represented as follows: 6KCs I5 - 4KC6 xiI + K2Cs 3, that is,
the stage 1 at high pressure has s = 6 and a \/3 X -/3 superlattice while the
stage 3/2 phase retains the P - 0 value s - 8.

At 14 kbar, just below the emergence of the stage 3/2 peaks, we ob-
serve anomalous broadening of the (001)'s which we attribute to random
nucleation of the s - 8-- s - 6 condensation which leaves behind "anti-
islands" of unfilled galleries. By 15 kbar the strain energy associated with
the random arrangement of s = 6 islands and s - anti-islands is sufficient
to drive the system to a well-ordered stage, except that the incomplete
8 -* 6 condensation dictates a 2-phase mixture. The new s - 6 islands
order into macroscopic regions of "superdense" stage 1 KC6, while the
empty galleries combine with the remaining uncondensed s - 8 regions to
produce stage 3/2. The stage ordering is not perfect even in the stable 2-
phase region. The solid curve in Fig. 5(a) is calculated from the Hendricks-
Teller model [161 with the stage 1 phase consisting of a random sequence
of 96% filled, 4% empty galleries and the stage 3/2 represented by an exactly
stoichiometric 1:1 mixture of stages 1 and 2 packages with probability 0.8
that they occur in the proper sequence. The agreement with the experimen-
tal points is extremely good; in particular the Q-dependent widths and rela-
tive amplitudes within each phase are very well reproduced. Notice that the
types of disorder are different for the two phases: stage 1 exhibits "stoichio-
metry disorder" produced by randomly "doping" a perfect 1-D crystal with
graphite package "impurities", while stage 3/2 is extremely well modelled
by positional disorder in an exactly stoichiometric phase.

The parameters characterizing the staging disorder change little, if at
all, with pressure through the stable 2-phase region 15. 19 kbar, where-
upon the stage 3/2 gives way to stage 2 as shown in Fig. 5(b). The stage 1
reflections are entirely unaffected by this second transition, which we
therefore ascribe to K2Cs 3 - 2KC6 3 2, that is, the remaining s - 8 regions
condense to # - 6 making possible the 3/2 -+ 2 staging transition entirely
within this phase of the system. Evidently the additional volume decrease
from 15 to 19 kbar provides sufficient driving force for the second step in
the 8 - 6 condensation. Staging disorder in the "superdense" stage 2
KC12 is again evident from Fig. 5(b) via the decreasing linewidth with in-
creasing Q. The existence of the potassium V/3 XV,3 commensurate super-
lattice at high pressure has been directly confirmed in single crystal X-ray
film experiments using the diamond anvil technique [15].

The above results raise a number of important questions. In addition
to the structural implications, one expects major electronic consequences
associated with a nearest neighbor metal distance less than the atomic core
diameter. For example, it would be interesting to extend the pressure-
dependent superconductivity experiments [17] into the s - 6 regime. Sim-
lar effects occur in RbCs and CsCs at slightly higher pressures. It is also
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significant that all previous examples of staging transitions vs. T, P or x
involve disordered in-plane structures on one or both sides of the phase
boundary, in which case the kinetics could be mediated by motion of a 2D
fluid through Daums/HWrold domains (18]. Here the staging transitions
take place between two ordered in-plane structures, which, if nothing else,
implies slower than usual kinetics. In the neutron diffraction experiments,
care was taken to ensure that the structure had stabilized at each pressure
but there may exist a very slow component which was undetectable on our
time scale of several hours maximum. Finally, the connection between
hydrostatic pressure and observation of a fractional stage needs to be clari-
fled. Integral stages of high index require a long-range interaction but only
between nearest intercalant layers [1], while stage 3/2 as an equilibrium
phase implies second neighbor layer interactions over a relatively short
distance [4]. It is significant that we do not observe stage 4/3, K3C6. 4,
which is directly accessible from KCs without phase separation. Stage 4/3
would require correlations among third neighbor K layers, and is predicted
[191 to have a narrower stability region than stage 312. The multiplicity of
p,(P) anomalies [141 suggests that other fractional stages may occur in
higher stage K-GICs. t

Stage ordering trmsition in "KCs"-

Figure 6 shows temperature-ependent p, (81 and X, (91 (static suscep-
tibility measured with 916) for a nominally stage 7 K-GIC. Both parameters
are sensitive to the c-axis charge distribution as established by the staging
configurtion and the nonlinear screening of K layers by the delocalized v
charge. Both parameters show first-order anomalies centered at - 230 K
with ~ 10 K hysteresis. The sense of the X, anomaly suggests a reduced stage
index in the low T phase relative to the nominal stage, because X, i domi-
nated by orbital parmgnetism and x(orbital) per gram increases with
decreasing K layer separation in the vicinity of stage 7 (20]. Low-temper-
ature X-ray studies were launched [7] to elucidate the structural origin of
the anomalies in Fig. 6. As a prelude, room temp erature (001)'s were re.
corded up to the 23rd order of stage 7. No rogue peaks were detectable at
the 2% level. However, the peak positions exhibited small but regular oscil-
lations about the Bragg positions, as represented by the error bars in Fig.
7(a). The origin of these oscillations is the same 1-D disorder phenomenon
[16) which gave rie to the Q-dependent widths in Fig. 5. The open circles
in Fig. 7(a) are calculated peak positions for a random sequence of a 3:1
ratio of stage 7 and stag 8 unit cells. The agreement with the experimental
data is gratifying. In the model calculation the frequency of the oscillation
depends on the difference in package thicknesses, which is why there are
zeoss at Q values corresponding to graphite (001) reflections (these occur
near n = 0, 8, 15, etc., for stage 7). The phase of the oscillations shifts by
r if the minority constituent is assumed to have a smaller rather than a



10

I n + C aI I
( 4 "K C8  250K oTKe

-4 0.

1 0

1.2 - \ -

1.0 C -r-- 0.1 L1 2 4 6S8102 1416 is
BRAGG INDEX Wn

Z - 0 KXiz4
05

IS0 200 250 300K 010246 1012 1416 10

ft'. 6. Electronic anomaklies in 'KC.."s, anominal stage 7 compound. Both Caxls resistiv-
ity (ref. 8) and static susceptibility (ref. 9) Show first-order anomalies centered at - 235
K with - 10 K hysteresis.
Fig. 7. The error bars are the measured deviations of (001) reflection positionsfo hi
average (Perfect crystal) values for "KCs"1 at (a) 250 K, (b) 200 IL o, calculated (ref. 16)
assuming random mixtures of stae 7 and 8 units cells with relative abundances 3:1 and
9:1 at 250 K and 200 K, respectively. The improved stae ordering at low V c os
with the electronic anomalies in Fig. 6.

larger thickness than the major component (Le., for some stage 6 packages in
a mostly stage 7 phas). Finally, the amplitude -is determined only by the
relative abundances if the interpackage correlations are completely random;
in the present insalnce the averag structure is stagp 7 simply because the 7
packages11 outnumber the 8's and thus one will find more "regions" of acci-
dentally ordered 7 than ordered 8. Local regions of stage 15 are excluded
from the calculation.

In order to study the structural origin of the p.(T) and X(T) anomalies,
we recorded (001) dlffractograns, a a function of increasing T from 200 K
UP. Several reflections showed discontinuous Q shift and Intensity changes
upon warming through 235 K, in excellent agreement with the two warming
curves in Fig. 6. The low..T structure is characterized by Fig. 7(b) which
shows that the amplitude of the oscillation in the peak position is greatly
reduced relative to room temperature. Comparison with model calculations
(open circles) shows that the stage ordering has improved, the sample now
being well-represeted by a random 9:1 mixture of stages 7 and 8 packages.L
The kinetics of this transition are surprisingly fast; only 10 minutes were
required to stabilize the change in (000)s after 5 K temperature increments.
It is not known whether the K layers order or not below 235 K.
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The staging disorder at 300 K is most likely a metastable situation
quenched in from the growth condition. As such, one would expect sizeable
variations from sample to sample since the stability regions for pure, high
stages are very narrow. Furthermore, the transition should not be discussed
in terms of the equilibrium phase diagram in which the stage number in-
creases with decreasing temperature (in this case the "average" stage number
has the opposite T-dependence). The improved stage ordering at low T is,
of course, in the correct sense for an entropy-driven order-disorder transi-
tion. Situations like that depicted in Fig. 7(a) would presumably relax
toward a perfect stage 7 or to a mixture of two adjacent perfect stages,
depending on the concentration width of the stage 7 region at 300 K.
Hastening the process by annealing may be problematic; since there is so
little potassium in the compound, it would be very difficult to maintain and
verify constant x.

The analysis of this unusual stage-ordering transition is in terms of a
temperaturezdependent "stoichiometry disorder", where the term "stoichio-
metry" refers only to the overall numbers of filled and empty galleries.
The reversibility of the transition can be taken as evidence that no potassium
enters or leaves the compound. Therefore, if fewer galleries are empty at
low T (as implied by the reduction in the fraction of stage 8 cells), then the
filled galleries must, on average, have a greater in-plane density in the low-T
phase. It would therefore be quite interesting to determine the in-plane
structure, the implication being that if the K layers order, there should be
a sample-dependent incommensurability which derives from the quenched-in
stoichiometry disorder. Another possibility is that in-plane condensation/ S

ordering associated with the stage ordering transition could lead to interest-
ing modulated in-plane structures [13] with variable in-plane density.

The 30% anomaly in xI(T) (Fig. 6) underscores the extreme sensitivity
of the orbital susceptibility to the screening charge distribution [201. The
higher positive X at low T means that there are (on average) fewer graphite
interior layers which contribute a huge diamagnetic term, since they contain
little or no excess charge. The sense of the p,(T) anomaly is incompatible
with a defect scattering interpretation because the resistivity is greater in
the "ordered" state. This isn't too surprising since the c-axis mean free path
may, in fact, be less than the lattice constant (-25 A), the latter being, in
addition, the length scale of the disorder; at 240 K p, for "KC4" is slightly
g-eater than that of HOPG [8). The sense of the p, anomaly may be connec-
ted to the unusual stage dependence of p,(T) reported previously [8].

Conclusion S

Stage ordering and staging transitions in GICs continue to provide
challenges to theory and experiment. The interplay of competing interac-
tions provides a rich variety of stable structures as a function of T, P and x;

_S
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more novel phases surely remain to be discovered. Advances in understand-
ing GICs should stimulate new work in ITMDs, from which one can hope
to achieve a global understanding of phase equilibria in quasi-2D guest-
host systems.
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Abtmet

An ab irdtio self-consistent calculation has been carried out for the electronic properties of BaC 6. Energy
bands and charge densities are presented for BaC5 and compared with those of LiC6. The results show that
the band originating from Ba states has a mixture ofs and d character and the d component hybridizes
appreciably with the ir bands of graphite. The Fermi level intersects this band as well as the graphite r
bands, giving rise to a complicated Fermi surface with several types of carriers. Depending on the type of
volumetric partitioning, the charge transfer from Ba to graphite layers is determined to be between 0.7
and 1.0 electron per Ba atom. The calculated results are consistent with available transport and optical
measurements.

:. I. Introduction

BaC 6 is one of the members of a family of layered materials known as the graphite
intercalation compounds [ 11, where layers of foreign atums such as Li,K,Ba,. . .or
molecules such as AsFsSbCls,... are inserted between the graphite layers. In all cases
the foreign species (intercalants) and the graphite planes form a well ordered sequence,
where n layers of carbon atoms are positioned between every two intercalant layers.
This phenomenon is referred to as staging, and n denotes the stage of the compound.
BaC6 is a stage one compound, i.e., having the highest possible concentration of the
intercalant. In the compounds formed by insertion of the alkali or alkaline earth metals
into graphite, the intercalant atoms are also ordered within their layers up to tem-
peratures somewhat above room temperature. To first approximation, the process
of intercalation leads to transfer of charge between the intercalant layer and the host,
causing an increase in carrier concentration over that of pure graphite, resulting in
metallic behavior [2]. However, at a more detailed level, the changes in the graphite
band structure due to intercalation go beyond this rigid band model and an ab initio
approach to this problem is required. Energy band structure calculations for the first
stage alkali metal intercalation compounds have been carried out for LiC 6 and KC8

tPartially supported by NSF-MRL Program under Grant No. DMR-79-23647, and by ARO Contract

No. DAAG-29-77-C400.

0 1983 John Wiley & Sons, inc. CCC 0020-7608/83/041223-08501.80
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[3-61. In this work we present the results of a first-principles calculation of the energy
band structure and the charge densities for BaC 6.

BaC 6 is one of the less studied members of the graphite intercalation compounds.
Other than synthesis and structural studies [7] only its optical properties have been
reported [8]. No theoretical studies of this material have been performed. However,
on the basis of a rigid band model, one may expect it to exhibit higher electrical con-
ductivity than the well studied alkali metal intercalation compounds, since Ba has
two valence electrons to donate to the graphite layers. The larger interlayer separation
of graphite sheets in BaC 6 also points to the possibility of a highly two dimensional
Fermi surface.

In this work we present the results of first-principles calculations of the energy band
structure and charge densities of BaC 6 carried out to test the above speculations as
well as to provide a model for the interpretation of the experimental studies that will
increasingly become available.

2. Formalism

The calculations were carried out self-consistently, using density functional theory
[9] in the local density approximation [ 101, with the Schr6dinger equation for valence
electrons given as

[T + Y(r)ion + F'a(p)j4(r) - E,,(r),

where p - Zj,(r)i 2 and i runs over the occupied valence states. ral(p) contains
the electron-electron repulsive term plus the exchange-correlation contribution. The
ionic part of the potential is treated using the nonlocal norm-conserving pseudopo-
tentials as developed by Hamann et al. [ I I and Kerker [ 121. These pseudopotentials
are chosen such that the pseudo-wave-functions converge to the actual all electron
wave functions outside a specified core sphere about each atom and the integral of
the pseudocharge within this sphere is equal to that of the actual charge. These
pseudopotentials have the advantage of being independent of energy over a reasonable
energy range. For C we have used the Hamann et al. [ I I I form including s and p
pseudopotentials. For Ba we employ the Kerker form [ 121 and the extension of these
pseudopotentials to included relativistic effects other than spin-orbit interaction [ 131.
Figure I shows the pseudopotentials for C and Ba. In addition to s and p we have also
included d pseudopotentials since the 5d atomic levels of Ba are only 1.2 eV above
the 6s states.

The valence wave functions were represented in a mixed basis of plane waves and
LCAO Bloch states following the approach of Louie et al. (14]

- e "'+G + CiS(k~r),-
G

where G is a reciprocal lattice vector. The LCAO set oj(kIr) includes s and p-type
atomic functions at carbon sites, while the set on the Ba site contains only d functions.
It is expected that Ba s electrons are adequately represented by the plane wave ex-
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pansion. In the actual calculation, the localized functions are also expanded in terms
of plane waves and the necessary matrix elements are evaluated numerically using
Fourier space techniques.

3. Crystal Stuctmw

In pristine graphite, the hexagonal carbon sheets are arranged such that half the
carbon atoms in each layer are directly above the atoms in the layer below (site a),
while the other half are loated above the center of the hexagons in the layer under-
neath (site b). This is referred to as AB stacking. In contrast, the carbon layers in all
first stage intercalation compounds of graphite are positioned such that all the carbon
atoms in one layer are directly above those in the layer below, leading to AA
stacking.

The crystal structure for BaC 6 has been determined by Guerard et al. [121. The
space group is P63/mmc, the same as for graphite. The Ba atoms within the intercalant
layer occupy positions above the cr-'ter of every third carbon hexagon. The in-plane -
lattice parameter is measured to be 4.302 * 0.006 A, V3 times the carbon-carbon
second nearest neighbor distance, while the distance between nearest neighbor C planes
is 5.25 * 0.02 A. The carbon bond in BaC 6 is 10% dilated over that of pure graphite.
The intercalant layers are arranged such that the Ba in adjacent layers occupy two
of the three possible positions a and 0, leading to AaA#Aa ... stacking (Fig. 2(a)].
In order to make the calculations more tractable, we chose an alternate crystal
structure for this study, i.e., AaA0A'yAa ... stacking, where the Ba atoms in adjacent
layers occupy all the three a, 0, and y positions (Fig. 2(b)I. This choice leads to a
smaller unit cell, in the form of a slanted hexagonal prism containing six carbon and
one Ba atoms.

In order to see the details of charge transfer between the intercalant and carbon
layers, we have also carried out these calculations for the same structure with the Ba -

atoms removed. We refer to this as C6. For the purpose of comparison we also present
the results for LiC6 with the same structure.

~• -
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and directions.
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¢ axis parameter. The bands coming together at 20.2 eV at P are the r bands of
graphite, while those originating at 17 and 22.5 eV correspond to the bonding and
antibonding a bands respectively. For LiC, the free-electron-like band with the
minimum at 22.7 eV is due to Li 2s levels hybridized with the graphite antibonding
a bands. This band is entirely above the Fermi level, indicating a charge transfer of
one electron per intercalant atom to the carbon layers. The remainder of the bands
can be identified with those of C6. Furthermore, hybridization with Li s states has
resulted in a slitting of 0.72e in the a bands at r. This is, however, not a gap in the
density of states since the bands overlap in the F-A direction.

In the case of BaC6, the minimum of the lowest metal band is located well below
the Fermi level, indicating a partial charge transfer. This band has a mixture of s and
d characters. By integrating the charge within a specified volume of BaC 6 and sub-
tracting that of C6 from it, we can estimate the total charge transfer. First we con-
sidered a slab geometry, assigning a slab of thickness of 3.35 A to the C plane, and
a slab of thickness 1.90 A to the Ba plane. The charge redistribution per unit cell was
found to be one elctron in the C slab and one electron in the Ba slab. Second we studied
a spherical geometry, placing a sphere of radius 2.2 A (half the Ba-Ba nrest neighbor
distance) around the Ba atoms. The charge transfer within this sphere was found to
be 1.3 electrons. Of this charge, 0.2 electrons have s character while 1. 1 electrons have
d character. By comparison, for a ground state Ba atom, the total 6S2 charge in a sphere
of the same radius is 0.8 electrons. The unoccupied Sd atomic orbitals are much more
contracted than are the 6 orbitals, and could accomnodate twice as much charge within . ,
this sphere.

In discussing the charge distribution, we shall refer to the charge residing in theidled a and v bands of C6 below the pure graphite Fermi level as the valence charge, t

and the charg in the remaining bands as conduction charge. For both LC and BaC,,.
the valence charge has the same definition as in C , however, the conduction charge
in BaC6 also includes the electrons occupying the metal bands. Since small amounts
of charge transfer will not be clearly seen in contour plots for total charge, we will'
present the difference densities between BaCs or LiC, and C6. Figure 5 presents
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Figu S. Difference charge denaity contous for kC6 along the c direction in units Of
0.001./A. (a) Total differene density. (b) Conduction dMity. (C) Valence differ-

eace denity.

separate plots for total difference density, conduction density, and the valence dif-
ference density for BaC6 along the c axis (perpendicular to the graphite planes). If
there were no hybridization between the metal and graphite states, Figures 5(a) and
5(b) would be identical, however, such hybridization does exist and Figure 5(c) shows
the polarization of the graphite valence charge in response to the presence of Ba. We
can further see from Figure 5(b) that the conduction charge around the carbon atoms
has the expected i" nature since these charges reside in the r bands of graphite, while
the charge around the Ba atoms is primarily d-like.

In Figure 6 we compare the difference densities for BaC 6 and LiC6, and in addition
give the contours in the carbon and also the intercalant planes. We can see that in the
case of LiC6, very little charge lies in the Li plane and whatever exists is s-type.
However, there is appreciable charge in the Ba plane and the d nature of these electrons
is easily observed. It should be emphasized that the total difference density is very close
to the conduction density, and the latter is not shown here.

We can thus conclude that the rigid band model is particularly inappropriate for
the first stage Ba intercalation compound BaC6 . The Fermi surface is quite compli-
cated, having three sheets. Two of the sheets derive from the electrons in the graphite L.__
" bands, while the third results from the metal band. We find substantial hybridization

among these bands, which is consistent with the low conductivity which is reported
[8) for BaC6. Preliminary optical reflectivity measurements [81 indicate that the in-
traband plasma frequency wp of BaC 6 is higher by (30-40%) than that of the alkali

I.
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So plane C -axis C Plone

(b)
Rpgre 6. (a) Total difference charge density for B&C, in 8a plane, c directon, and in
the graphite Plane; (b) owrponding total differece densities for LiC6 in units of

0.001/A). --

metal intercalation compound LiC 6. This shift of the plasma frequency is influenced
by various factors. The presence of an extra conduction electron in the alkali earth
compound favors an increase in w.. but the larger c-axis lattice constant of DeC6 as
compared with LiC6 works against it. So, while the experimental result is roughly
consistent with the present work, further calculation would be required to carry the

* comparison of theory and experiment further.
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CALCULATION OF THE OPTICAL SPECTRA FOR GRAPHITE
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N. A. W. HOLZWARTH
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NY 10031 (U.S.A.)

Su1mm, 'i:

The optical spectra of graphite is calculated over a range of 40 eV. The
calculations are based on the ab initio self-consistent field energy band
structure of graphite using norm-conserving pseudopotentials. The calculated
e(w) is in excellent agreement with the results from reflectivity and electron
energy los measurements.

1. Introduction

The electronic energy band structure of graphite has been the subject
of numerous theoretical investigations (see refa. 1 and 2 for review of pre-
vious works). The explanation of the optical spectra over a large energy
range is a critical test for any proposed band structure model.

Previous theoretical studies of the optical spectra of graphite have
been of two types. Most calculations which cover a large energy range
have used 2-dimensional energy bands and constant velocity matrix elements
[2 - 4]. They could not incorporate the in-plane band splittinp of - 1 eV
caused by interlayer interactions. Furthermore, they did not obtain the
optical spectra with the radiation polarized along the c-axis. Meanwhile,
in only one case has the full dielectric tensor e5.,(w) been calculated by
using the 3-dimensional Slonczewski-Weis model of graphite bands [5].
However, the results only cover a range of 7 eV and are limited to r bands.

In the present work we report the results of a totally ab inhtio calcu-
lation of e(w) covering a range of more than 40 eV. The calculated results
are compared with the reflectivity and electron energy-lou measurements.

I Energy band structure calculation

We have extended the previous calculation of the energy band structure

of graphite [6] to cover a range of 60 eV. The technique used is the ab initio

079-4779/83/$3.00 0 Elisvt, Sequoia/Printed in The Netherfands
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norm-conserving pseudopotential theory [71 with the wave-functions ex-
panded in a mix-basis of plane waves and localized orbitals [8]. The energy
bands are initially calculated at 20 points in 1/24 of the Brillouin Zone.
For calculation of the momentum matrix elements, the pseudo-wave func-
tions are completely expanded in a plane wave representation,

1j, 9 > = a.J(j) exp[i(K. + 9);]

m

where j is the band index and Km is the reciprocal lattice vector. If we
neglect the nonlocality of the pseudopotential,' the momentum matrix
element between states i and j at the same k is simply given by,

< 4 jI pli, 9 > = a,.' (k) am(k)(Km + )
m

According to our estimate, the average nonlocal contribution to the mo-
mentum matrix elements is less than 10%.

Subsequently, the X - interpolation procedure was used to obtain
the energy bands and momentum matrix elements at a mesh of 9216 points
in the entire Brillouin Zone. In order to guarantee the accuracy of the
X - interpolated transition energies and momentum matrix elements
over a range of 40 eV, the ab initio band structure calculation had to be
performed over a range of 62 eV at each of the 20 points in the irreducible
zone. Figure 1 shows partial energy band structure with important tran-
sitions labeled for later discussion.

K r M KH A

30 - 6- :-30

25-,2

6 720

1515

z l0 I0
w

5 5

K r M KH r A

Fig. 1. The partial energy band structure of graphite with some of the major optical
transitions indicated by arrows and labeled from 1 to 7.
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3. Complex dielectric tensor

The interband contribution to the dielectric tensor is given within the
relaxation time approximation [9], and at zero temperature, by,___ ri . )s]_.__. _ 1~']) ' )]"]]..

e 2  d'k PM(9)PV(X) PV(i)p,
e,(u) - , 2m8)i f J(_
where Z - w + il, and tw 1j(k) = j(k) -EI(k). The primed summation is
taken over states such that E, < Er < E,, where EF is the Fermi energy.

The relaxation time t is generally energy and k-dependent, although
it is usually assumed to be a constant and its primary effect is the broad-
ening of the structure in the spectra Johnson and Dresselhaus [5] have
used a value of 2 X 10 - 14 s for r in the energy range up to 7 eV. We have
calculated the dielectric function for a range of r between 10 - 11 and 2 X
10 - 14 S, with the final results given for the value of 10-15 s, in order to
obtain reasonably smooth curves using only one value of 7 for the entire
energy range. However, we believe that it is better to set 7 at a higher value
and try to achieve the smoothness by using more points in the summation
mesh in the reciprocal space.

The space group for graphite, G,, is P63 Immc with the point factor
group, P - GSIT, which is isomorphic to Dh. Thus the dielectric tensor
is diagonal and has only two independent components e. and ell, corre-
sponding to the electric field perpendicular and parallel to the c-axis, respec-
tively.

The intraband contribution to e(Ca) was calculated using the Drude
model

-WV2
e,, intra

+W(W')
where the w., and wq are the plasma frequencies, chosen as 0.95 eV and
0.1 eV, respectively. r' is the relaxation time for intraband transition,
chosen as 0.5X 10- 13 s.

4. Result. and discussion

Taft and Phillip (TP) have carried out reflectivity measurements in
";. graphite up to 26 eV with polarization perpendicular to the c-axis and have

obtained e1. and eu through Kramers-Kronig analysis of the data [10).
The electron energy loss spectra have been measured by Zeppenfeld [11]
from 6 to 30 eV. Greenaway et L (12] have measured the reflectivity of
graphite in the visible and ultraviolet regions for both parallel and perpen-

dicular polarizations from 2 to 5 eV. Subsequently Tosatti and Bassani
(TB) combined the experimental results of Zeppenfeld and Greenaway
et at. and obtained e11(w), e2±(w), eu(w), and e2k(w) by Kramers-Kronig
analysis [13].

-.
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FI&. 2. The real part of the in-plane component of the dielectric tensor as a function of
frequency. The experimental curves a and b refer to ref. 10 and 13, respectively.
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Fig. 3. The imaginary part of the in-plane component of the dielectric tensor as a func-
tion of frequency. The experimental curve, a and b refer to reft. 10 and 13, respectively.

Figures 2 and 3 show the calculated e.ll and eu along with the results
of (TP) and (TB). The overall agreement between theory and experiments is
excellent and calculated plasma frequencies, occurring at el(w) -0 , have
values of 6.1 eV and 27 eV, in good agreement with the measured values of
7 eV and 25 - 27 eV.

The main structure in eu(w) is primarily due to the a-a transitions
labeled "5" and "4" in Fig. 1, while its low energy shoulder is attributed
to the a-a transition "3". One of the experimental curves also shows the
double peak for this structure at the same photon energy as given by the
calculation. The 4.7 eV peak is due to the saddle point transition "2" at
M [131. The peak at 2 eV in the calculated spectra does not have a corre-
sponding structure in the experimental results.

Figure 4 shows the calculated and experimental sum rule

n "(W) 4-(rn f c'e 2 ( W') dW'

giving the effective number of valence electrons per carbon atom that have
contributed to the photon absorption in the perpendicular polarization.
The first step in both the calculated and experimental curves a due to the
main -W transition (M,K), while the second step is the result of a- a
well as the remainder of the w-w transitions. The shape of the calculated
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Fig. 4. The sum rule for the effective number of valence electrons per atom obtained
from e2±. The experimental curves a and b refer to refs. 10 and 13, respectively.

curve is in excellent agreement with the experiments. Even though, at
saturation, the calculated sum rule for eu only accounts for 80% of the
valence electrons, this is considered to be in very good agreement con-

,_. sidering the total ab initio nature of the calculation [14].
Figures 4 and 5 show the corresponding results for elj(w). According

to the experiment, there are two plasma frequencies at 14 and 18.2 eV,
while the calculated result in Fig. 4 only shows one, at 19 eV. The calcu-
lated eIII(O) is 2.5- 2.8, which is close to the experimental value of 2.35
[121. In Fig. 5, the main structure near 11 eV comes from the i-- tran.
sition labeled "6" in Fig. 1. This structure receives contributions from a
large region of the Brillouin Zone surrounding the f-M direction. This
identification is quite important since it helps to pin-point the minimum
of the first unoccupied a band at the center of the zone. This band is un-
usual and significant in the sense that it has a large dispersion along the
c-axis: the precise location of its minimum has been a subject of disagree-
ment between different calculations, and it hybridizes very strongly with
the alkaline s-levels in the graphite intercalation compounds [6, 15- 17].
The 11 eV structure was originally attributed to the a-r transition "7" by
(TB). However, the energy was off by over 3 eV from all the band structure
calculations.

Figure 6 shows the sum rule for e211. The disappearance of the satura-
tion step at low energy is attributed to the fact that the major w-a transi-
tions start at - 11 eV, as shown in Figs. 1 and 5. The theoretical result also

S--- Cp

0 10 20 30
ENiRGY (ev)

Fig. 5. The real part for the c-axis component of the dielectric tensor as a function of
frquency. The experimental curve refers to ref. 13.
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Fig. 6. The imaginary part for the c-axis component of the dielectric tensor as a function
of frequency. The experimental curve refers to ref. 13.
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Fig. 7. The sum rule for e211. The experimental curve is after ref. 13.

indicates that nld"f reaches saturation only at energies beyond 50 eV, well
above the range of the present experimental measurements.

The reflectivity at high frequencies, i.e., after the significant oscillation
strengths are exhausted, must fall off at wd- . This requirement is excellently
satisfied by our results. The high frequency behavior of the calculated
reflectivity indicates that the necessary range of the experimental measure-
ments has to be extended to 40 eV and 55 eV, respectively, for the electric
field perpendicular and parallel to the c-axis.

We can thus conclude that our ab initio self-consistent energy band
structure of graphite has successfully explained its optical spectra and,
furthermore, we may expect similar success in our calculation for the alkali-
graphite intercalation compounds, which are now in progress.
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ABSTRACT

In this paper we present a brief survey of
previous work as well as some new preliminary
results for graphite fluoride compounds.

INTRODUCTION

Many aspects of the electronic structure of graphite interca-
lation compounds are now well understood. in this paper, we -
review some of the qualitative features of these results. Because
of shortness of space, we cannot be complete, and we apologize for
our omissions.

Four topics are considered. First, the use of rigid bands ..

models to describe properties involving states near the Fermi --

level are discussed. These models are non-trivial and explain
many of the unusual transport properties of graphite intercalation.
compounds. Secondly, results of detailed first principles calcu-
lations are discussed. The notion of an ideal intercalation com-
pound is introduced, with LLC being the example, BaC 6  being the
counter example, and KC teing somewhere in between. The third
section deals with model high stage compounds. The distribution
of charge among inequivalent C layers, and the contributions to
the screening of the intercalant ions due to graphite states
throughout the valence bands compared with those due to graphite
states near the Fermi level is discussed. It is seen that the
total charge density screens the intercalant ions nearly com-
pletely within the region between the two graphite planes sur-
rounding an intercalant layer. The conduction electron screening
is more extended. Finally, the charge distribution and energy
bands for a model of CF are presented.

SIMPLE MODOUS.

A theoretical idea which has guided much of the research on
graphite *intercalation compounds is that upon intercalation by a
donor material, the unoccupied 9 bands of graphite are partially

Frlesent coaress: Dept. OT Physics, City College of CUNY,

new Yorke N.Y. 10031
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filled. Similarly, upon intercalation by an acceptor material,
P the occupied w bands of graphite are partially emptied. Various -

rigid band models for a general intercalation compound have been
developed [1-7] with the assumptions that the intralayer and in-
terlayer interactions (the latter in modified form) of the gra-
phite w orbitals are preserved upon intercalation. in these
models, the intercalant states need not be directly considered,
except in terms of providing the mechanism for charge transfer.
Such models have used to describe a variety of electronic proper-
ties of graphite intercalation compounds which depend upon states
near the Fermi level. The results of these model calculations
demonstrate some of the unusual electronic behavior of these ma-
terials, largely due to the unusual intralayer dispersion of the

* graphite w bands near C,. In Table I, we summArize the dependence
on Fermi energy of varibus properies of 2 dimensional rigid band
graphite compared with that of a 2 dimensional rigid band metal
having parabolic dispersion.

TABLE I.
Fermi energy dependence of various properties
for rigid band models of 2-dimensional metals

Notation: K a energy independent constant

E - Fermi energy measured from band extremum

Parabolic dispersion Graphite dispersion

Density of states K KE (for small E)

Number of states KE KE2 (for small E)

D. C. conductivity KE KE (for small E)

Low field magnetoresistance 0 >0

Low field Hall coefficient KE KE x (strong
function of E)

Orbital magnetization <0 >0 (for E > £E)

Generally the results derived from rigid band-type models are
consistent with experiments that deal with states near the Fermi
energy. For example, the positive orbital magnetization of low
and high stage donor compounds was successfully explained by
Safran et. al. (21. An explanation of the unusually small low
field Hall coefficient was offered by the calculation of Holzwarth
(4). However, detailed comparisons are difficult because some
parameters in the models are not well known.

Rigid band type of models have been extended to 3rd and
higher stage materials by' several authors (3,5-71. For these
materials, the distribution of charge among inequivalent carbon
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layers depends upon several competing effects. The electrostatic
potentials resulting from charge transfer between the Intercalant
and graphite v bands tend to localize the transferred charge near
the Intercalant layer. Counteracting this effect are interlayer
hopping and intralayer Coulomb repulsions of the excess graphite
charge, as well as screening of the Coulomb interactions by po-
larization of the graphite valence electrons. Since these effects
are so very delicately balanced, results of model calculations
tend to be sensitive to parameters that are not well known.
Therefore, it is worthwhile to perform first principles calcula-
tions for some representative high stage as well as low stage com-
pounds in order to establish some qualitative trends.

DETAILED CALCULATIONS FOR FIRST STAGE DONOR COMPOUNDS

from first principles band structure calculations on graphite
intercalation compounds, one can develop a more detailed picture
of the electronic states and charge density throughout the 30 eV
range of valence and low-lying conduction bands. In addition to
the general picture, one can also address the more specific issue
of the validity of the rigid band model for the states near the
Fermi level of these compounds. Specifically, one would like to
know where the intercalant states lie in relation to the Fermi

* level of the compound, and to what extent they perturb the gra-
phite v bands in the vicinity o.f Er.

The first of such calculations were carried out for KC (81.
In this work it was found that the K ions were only 60% ?onized
and that some of the states near E contained appreciable K char-
actor, which seemed to be consisteht with a number of experimental
results. Other calculations for KCo have been performed, some of
which agree and others which disagree (91 with the original
result. Recent electron loss and photoemisson measure measurements
(101 lend support for the view [91 that the K band is fully ion-
ized and that the Fermi level bands of KC are largely of graphite
v character. For this compound as well as for the related com-
pounds RbC and CsCo the 2 x 2 superlattice structure as well as
the relatively lalgei ntralayer density of the lntercalant cause
the bottom of the intercalant band to come very close to E so
that calculated results are very sensitive to the detailsof the
calculation.

By contrast, the situation for LiC is much more straightfor-
ward. Early calculations (111 indicated the [.Li to be completely
ionized and the Fermi level bands to be appreciably unperturbed
graphite v states, the bottom of the intercalant band lying a few
oV above E This result was consistent with a number of experi-
ments and bther calculations [12-14). One of the most direct com-
parisons between theory and experiment is obtained from angle
resolved photoomission. in Fig. 1, the experimental results of
Eberhardt et al.(131 are reproduced in comparison with recent cal-
culated bands for LiC, obtained using self-consistent local den-
sity theory and mixed bisis pseudopotential techniques (15,161. in
this figure, the experimental results include distributions for
electrons in occupied bands emitted normal to the c-axis ( ke - 0)
as well as photoyield results for excitation from the LL Is level
to probe the unoccupied bands having appreciable Li character.
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Thus, theoretical and experimental evidence suggests that, with
respect to the rigid band model, LiC6 is an ideal intercalation
compound. One reason for this behavior is that the graphite .
states near V contain considerable antibonding character. These
states, having !apid spatial variation within a layer plane, can-
not effectively hybridize with the slowly-varying donor s orbi-
tals.

10 PhotoyiM 10

1. Calulte Phull{io cosseteeg ad o L (e .5)i
h1 .40

I_ _ 1____ .25
254 r K r Ad RElae ctman Intenalty

1. Calculated self-consistent energy bands for LiC (Ref. 15) in
the aAAa stacking structure compared with experijental photoem-
ission and photoyield results of £berhardt et al. (Ref. 13). The
calculated v band are designated with dashed lines while the a
bands are designated with full lines. in this figure the zero of
energy Is taken at the Fermi level.
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ds26 - SaCe sircture /

24-d~
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2. Comparison of the energy bands of SaC6  (central panel) with
its reference graphite compound (left panel) and LLC 6 (right
panel). for BaC and LiC , the stacking sequence was taken to
be A~A. Thi labels and d denote the orbital character of
the intercalant contribution to the Indicated bands. The zero of
energy In this figure, as well as in Figs. 3 and 4, is taken at
the bottom of the lowest graphite 4a band.

71.
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At the other extreme, BaC, is a non-ideal intercalation
compound. Since Ba is an ilkaline earth metal, it has the
possibility of transferring 2 electrons per intercalant atom. 0
However, self-consistent calculations (171 indicate that due to
the strong electronegativity of the second electron as well as
hybridization of the graphite v bands with the low-lying Sd states - .
of Ba, the occupied bands of BaCt include appreciable Ba charac-
ter accounting for roughly 1 electron per intercalant. In Fig. 2,
the self,-consistent band structures for BaC 6  are compared with 0
those of a reference graphite material ( BaC 6 with the Ba atoms
removed) and with LiC 6 .

In order to get a more quantitative picture of the hybridiza-
tion of the intercalant states with those of graphite, we have
plotted the densities of states (DOS) and partial densities of 1"
states (PDOS) for LiC and for SaC6 , compared with their respec-
tive reference graphite compounds. To construct the DOS and PDOS,
we approximated the integration over the Brillouin zone by a mid
point sampling, using the derivative of a Fermi function to smooth
over unphysical structure introduced by the sampling.

* I I U I I~** a I ] T --

UC, Sac,

2 2

I POO1S Ba P,..
Cn

-0 036

o 5 10 15 20 25 0 5 10 15 20 25

Enewgy (V) Enegy (eV)

3. Total density of states (OS) and partial densities of states
(PDOS) for LiC (AaAaAs) and BaC (AAsAy). In each panel, the .-

DOS or PDOS fo the intercalation hompound (full curve) is com-
pared with that of the reference graphite compound (dashed curve),
with shading used to emphasize the regions of positive difference.
The sphere radii used for the Li and Ba PDOS's were 3.1 bohr and
4.3 bohr respectively.
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The shaded regions of the PDOS curves indicate which of the
states in the intercation compound contribute to the charge near
the intercalant site. It is not surprizinq that there is a large
contribution in -the energy range 13-17 eV corresponding to the
polarization of bonding v bands of graphite by the intercalant
ions. The a electrons are also polarized, but due to their small
spatial extent they hardly contribute to the intercalant PDOS . -

shown in Fig. 3. The polarization of a electrons by the inter-
calant ions is more clearly demonstrated in contour plots of the
total difference density of Lic or BaC in a C plane (15,171,
where it is shown to create a defict of chirge (with respect to
the reference graphite compound) from the C-C bonds. For LiC6 , in
the vicinity of £ the shape of the DOS and PDOS curves are nearly
identical to thise of the reference graphite'compound. Peaks in
the PDOS curve above IF correspond to the unoccupied Li - like
states. For BaC 6 , there is an additional large density of Ba
states near E

FIRST PRINCIPLES CALCULATIONS FOR HIGH STAGE DONOR COMPOUNDS

From first principles calculations for model high stage com-
pounds one can estimate some of the effects which determine the
distribution of charge amoung inequivalent C layers. Many of
these effects can be adequately modeled by representing the
interactions of the Intercalant ions in terms of their planar
average. The electronic structure for such a model was determined
self-consistently by T. Ohno (181. He found that the valence elec-
trons of graphite are very effective for screening the electros-

* tatic potentials introduced by intercalation such that for a model
representing a third stage compound of stoichiometry XC (X - K,
Rb, or Cs), 99% of the total transferred charge (as 31termined
from Mulliken populations) was associated with the bounding
layers. It was found that the graphite a electrons play a large
role in the screening of the intercalant ions.

First principles calculations for forms of 2nd and 3rd stage
Li intercalated graphite :- LiC and LIC 1 0 -- were performed by
the present authors (15,191. In Ifis work "he intercalant ions
were treated explicitly. The energy bands for 1st, 2nd, and 3rd
stage Li intercalated graphite are compared with their correspond-
ing reference graphite compounds in Fig. 4 for the r point (k - 0)
states of the 47 x 47 superlattice Brillouin zone. This figure
shows the non rigid shifts of the various bands with respect to
their reference graphite compounds. In general, the 4 states are
shifted to higher energy while the v states are shifted to lower
energy. The bottom of the unoccupied intercalant band closely
follows the rI' band of graphite and moves to higher energy with
higher stage. lor the third stage compound, states having eigen-
functions that are mainly localized on the interior layers are
shifted to higher energy with respect to the corresponding states
localized on the bounding layers, by roughly I eV. The splitting

-. of the w bands due to interlayer hopping is of comparable magni-
tude.
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W the bottom of the intercalant s

band.

0 7 
-

I.0 I I I I I
C6 LiC6 02 Li 2 C18 LiCG8

The polarization of charge due to the intercalant ions is
similar for stages 2 and 3. The total transferred charge in the
sandwich region, as defined by the integrated charge between 2
graphite planes surrounding an intercalant layer minus that of the
reference graphite compound, was found to be 90%. On the other
hand, the conduction electron contribution, as defined by charge
contributed by electrons in partly filled bands was found to be
40%. The behavior of the 2 types of densities relates to the
analogous behavior discussed above for stage I compounds and can
be exhibited by different types of experiments. For example, the
total difference density is probed by C ls spectroscopy. The con-
duction electron density is related to the density probed by tran-
sport measurements.

ELECTRONIC STRUCTURE OF GRAPHITE FLUORIDE COMPOUNDS -- PRELIMINARY
RESULTS

There has been some recent interest in graphite fluoride com-
pounds as possible intercalation compounds (at low F concentra-
tion) 120,211 as well as for modeling possible defects which limit

* the conductivity of graphite MF" compounds (21. The structure
of C F used in the present work wis that proposed by Rudorff (231
in which the fluorines form two 2 x 2 superlattices above and
below the graphite planes in such a way that there is a center of
inversion at the mid point of 1/4th of the C hexagons. The F's
were assumed to be located over C atoms at a distance of 1.4A.
There is no detailed structural data to confirm this structure,
and in fact Mallouk and Bartlett (21) as well as Ebert E241 have
found indirect evidence that the Rudorff structure is not correct.
Nevertheless, the detailed electronic structure of C4 F in the



Rudorff structure is useful starting point for a study of low con-
centration fluoride compounds of graphite. The self-consistent
band structure together with the partial densities of states are
shown in Fig. 5. The F 4 band is split off from the bottom of the
C a band by 11 eV. The F p bands span a 10 eV range below the
Fermi level, interacting with the lower v and upper 4 bards of
graphite, the lowest F p state having primarily w character.
Since the unfluorinated carbons in this structure form isolated
rings, a band gap is introduced near the Fermi level. Our calcu-
lations show that C4F in the Rudorff structure 2 eV band gap sem-
iconductor.

10 10

0%p 0

T S -5

S-1 -10

-20 -20

-25 -25

K r .A K1

Stat@sSphere/eV

5. Calculated self consistent band structure and partial densi-
ties of states for C F in the Rudorff structure (Ref. 22). The
partial densities of stites for F (full curve), for C with a
nearest neighbor F (dashed curve), and for C with no nearest
neighbor F (dotted curve)calculated using sphere radii of 1.3 bohr
for both F and C.
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The valence charge density is shown in Fig. 6. It is seen that
the fluorinated carbons have slightly more charge than the un-
fluorinated carbons. in Fig. 7, the difference density (the
valence density of CAT minus that of i-ts reference graphite com-
pound) is shown. in t s figure, it is seen that the excess
charge density induced by F has c character at the expense of some
loss of graphite v density. This result is consistent with the
band structure results of Fig. 5, where it is seen that the weakly
antibonding component of the graphite v bands have been moved to
bands above the Fermi level.

6 . Contour plot of total
61
valence density of C F in Ru-

=..- 7 .- dorff structure, showin4 C plane
4 (left panel) and adjoining per-

pendicular plane along c-axis
(right panel),. Contour levels

.. -are given in units of 0.1". ~~ ~ e, . , 1ctrons/X3 .  Peak density near

F atoms is omitted. Atomic lo-
.cations are denoted by filled

square•s.•-

7. Contour plot of total differ-

..__.. ence density of C4 F Fig. 6)
r , A minus that of reference graphite
"*1 compound, shown in same planes

S•as in Fig. 6. Positive contours
(full curves) and negative con-
tours (dashed curv gs) are given

*in units of 0.1 c/ 3.
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Firsit-PrncIples electronic structure calculations wene carried out for [IC,. LAi,, And [IC,
representng farst-, second-, and third-tage model graphite intercalation compounds. By comparig
the charge density of these comnpounds to that of reference graphite comnpounds, we could define a
"tal difference density" in order to quantify chag transfer and polarizationi in these materials.
The total difference density is found to be highly concentrated near the interualant tons. However.
the conduction electronis (those in partially occupied bends) are found to have the distribution of vir-
tualy unditorted ir wave functions and have a much more delocalized distribution than that of the
total diferece density. These two types of charge distributions account for many of the unusual

etaneproperties Of graphite intercalation compounds.

L INTRODUCTION five have been reported, but the structure and

In arecnt hon we resntedtheresltsforthe stoicltiometties of even the low-.stage comipounds ar ol
In ectr ntic or we presented t h uts foh rcnl being deemned. In general the Li atoms are in-

elctonc trctreof a model tidsaegpheinr. sarted between two layers of graphiem causing the two
*calation compound. LaC,,. The present paper is a more layers to ohange their registry from AB stacking to AA
*detailed presentation of this work in comparison with me stacking and causing a 1017 increase in the interlayer

suit for the two lower-stge compounds, LiC6 and LiCt 2. separation from 3.35 to 3.70 ;A9 The Li atoms are ar-
esults for GAht itself and for diamond were presented ranged directly between carbon hexagons in a triangular

In separate paes 1 lattice having a V'3 XV3 registry with respect to the hex.
The caouhatonal methods are described in Ref. 2. agonai lattice of graphite. The intralayer lattice constant

Briefly, the calculato wer carried out self-consistently of the hexagonal graphite lattice constant a is also slightly
in the local-duuliy approximation using a pseudopotential dilated with respect to that of graphite. For the frst-stage
formulation and by representing the electronic wave func- compouns the intralayer dilaon is 1% and
tione in term of a mixed-basis set consisting of plane a =2.485 A.' For highier-stage compound the dilation is
waves and linear combinations of atomic orbitals as somewhat less. For simplicity we chose to study the ideal-
developed by Louis, Ho. and Cohen.3 The ionic pseudopo- ized stoichiometries and structures shown in Fig. 1 andi
tentuas were generated from all-electron atomic calcula- detailed in Tabl L Scene of the reasoning behind these
tis using the formulatioa of Hamann, Schluter, and chsoices is given below.
Chiawg The ezchaniecorean potential wa that of The tinst-stage compound is ale to have the

- Hedhn and Lundqvist- These calculational methods were stoichiotetry LAC* Several authors'"1 have suggested
0 partcularly successful in deterinig a valence chag the structure: of UC, to be D ' symmetry with layer

density of graphte which is in excellent agreement with stacking AtxAa~a. 12 On the basis of elecron diffraction,
that determined from experimental x-ray form factors.' Kambe at al."3 determined the low-temperature (< 220 K)

The outline of the paper is s follows. in sec. ii, the form of LiCs to have a layer stacking of AaAOAy. This
crystal structures chosen for this study are discussed. in structure is apparently in disagreement with neutron-
Sec. IlL the results of the charge-ensity distributions and diffraction results." For the present study, we chose to
local densities of stae are presented. in Sec. IV, the ener- use the simpler D11% structure, shown in Fig. I (first
a bands and ftrud-.sarfac properties are discussed. Dis. pandl), in order to comnpare with our previous non-self-

* cameia and conclusions are presented in Sec. V. consistent calculations using modified Korringa-Kohn-
RostAke (1.1(A techniques."'

IL mI1TUAL. .A.~qUIBUAI'Jfl Th second-stage compound apparently has two meta-
* Despte the flact that from a theoretical point of view stabl stoichiometries at romtemrrature: LiC,2 and

:N.the U-intercalated graphite compounds are the most sim- LUC,, 5 -""6-" Gjurard aPd Hbrold suggested the struc
pie Of the inteMaltion compouds,' they are appaenty ture to have the stacking sequence AAa4AaAAaAAa
somewhat difficult to prepare and to characterize. Staged which is in agreement wihrecent neutron-diffraction rm
copond of Li-intercalated graphite as high as stage sults for the LiC 12 form of second-stage Li-intercalated

28 1013
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I gapit.""11 Recently, Woo et al'I have determined the L
* moad-etag LiC,8 to have the stacking sequence AB-BA. 6

AS wish so in-plane order of the Li layers. For simplicity,
we chose to study second-stage UiC12 in the hypothetical

mcreshown in Fg. I (second panel), having a stacking
sequoice AaAEUICyC~aA. Such a stacking sequence for
the graphite layers han been observed in second-stage gra-
phite nitrate" and in second-stage potassium graphite30  I
The stacking sequence for the Li layers was chosen in or-3
dw to have aunit cell of only 13 atoms with an inversion

To our knowledge, the structure of the third-stage comt-
pound has not been reported. We assumed the
msichiametry LiC1, and chose the structure

* AaAM~CUBrBCAaABC# as shown in the third panel of
Fig. I in orderto have aunit cedlof only 19 atomnswith an
inveruo ente and to maintain a reasonable local NIIt

* gemetry for the C and Ui atoms. The stacking sequence
for the graphite layers is not what is commonly found for FIG. 2. Contour plot of totaileneeeto charp densip,
other third-tage campounds,'61 where the adjacent - of LiC6. Contour values are given in units of 0.1 eleetrons/A..
phite layers order =n ADA and ACA. The ABC stacking is Atomic positions are denoted! by 61We squares for Li and circles

thatfoud i th les, ommn frm f gaphte- for carbon. Plane shown contains c ami and passes through L
rhambohedral graphiftil-2 The structural difference be- aoi n - o&a hwnb h a etnl nFg
tIN Benal" and rhomnbohedral graphite has a large cf. t"flis panel)
fact on te Fermi-surface properties of the two form of
grmhift3'lS However, for LiC1s, the Fermi energ is
much larger and subtle structural differences are not as Results for the valence electronic charge density for

imprtat. w o th fator whch stalisesthe UIC1 LiC12, and UiC15 are shown in Figs. 2-4, respective-
charge distribution in LiC,. is the tesidency of electron to ly. From these figures it is seen that the density distribu-
deloaize along the c axis which depends upon the aver- tions for the U-intercalated graphite compounds are very
age number of nmrestndghhor atom in adjaent layers sinilar to each other and to graphite itself. The 1% dila-
and which is the same for th B and ADA ssaclungs. tion of the intralayer lattice constant in the intercalation

compounds results in a slightly lower peak density along a
ML RESULT FOR ELECTRONIC DENSITY C-C bond than in graphite. Close exmfination of the

DISTRIBUTIONS density for LiC6 in comparison to graphite itself reveals a
slightly higher density in the i-orbital region. This excess

*In Rdf. 2 we showed that the present calculationa! r density Is a direct consequence of the chap transfer
Methods Yield a valenc electronic Charge density for gra- from the Li intercalant ions. In LiC12 and near the
phite and diamond which are in ecellent ageeet with bounding layer of UiC,5 , this cess r density is seen to be
that infanrd from x-ray-intensity measurenients.6 Since asymmetric with higher density on the side facing another
we have used the peudopotential approximation, the den- C layer than on the side facing a UA layer. This result
sty in the ca region does not have exactly correct shape seems counterintuitive since one expects the Li ions to po-.
but becameat the norm-conserving aspect of the pseudo- Ianiz the graphite electrons towardl she Li plans. Howev-
poteamb the integrate charge within the pseudopoten- er, the distance between C planes in the T"sandwich region-
tiel radius is equal to the actual charge within the same on either side of a UA plane is 10% larger than the distance
Volune between adjaentt C planes. This expansion toods to de-

Li C1

- PRO.) I CAMsau pl of total vme-scrncharge denity of UC. Contour value ane give in units of 0.1 shicroA/
AMns pesilklon = dsaoted by rdisd squares for LU and circles for carbon. Pran shown coonan c axis and pa thrwagh Ui atoms
asiC-C bods an shon by the dashed rectangle in~ftg I (second pane.
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LiC 18

FIG. 4. Cmtour plot of total valence-electron charge density of LiCis. Contour values are given in units of 0.1 electros/j.
Atomic positions are denoted by filled square for Li and circles for carbon. Plan shown contains c axis and pas through Li atoms
and C-C bands as shown by the dashed rectangle in Fig. I (third panel).

crease the valence-electron density between C planes on ei-
tiher side of a Li plane with respect to the density between
adjacent C planes. The expansion effect masks the polari-
zation effect, and the net result is the asymmetric distribu-
tion seen in Figs 3 and 4.

In order to factor out the effects of c-axis expansion
from the more interesting effects of charge transfer and
polarization, we compared the density of each of the inter-
calation compounds with that of graphite modified to the
same structures. For future reference, we will call these
fictions modified graphite materials C5.C,2, and Cis for
the first-, second- and third-stage forms. The total-
electron-difference density for LiC6 is shown in Fig. 5(a).
The peak density is located in i-like contours on each C
site. These contours are distorted in the direction of the
Li ions in evidence of the polarization effects. In order to
better understand the origin of this structure, the total-
electron-diffae density was considered as a sum of two
parts: the conduction-eectron-difference contribution
(Fig. S(b)] and the valence-elctron-differenmce contribution
[Fig. 5(c)]. The conduction-elctron-difference contribu-
tion was defined as that derived from the partially filled
bands. This density represents states located in energy
above EF of pure graphite and corresponds to states re-
ceiving the transferred charge- These states determine the
Fermi-surface properties of LiC6. The valence-electron-
difference contribution was defined as the difference be-
tween the total-differece density and the conduction-
electron-difference contributions. It can be directly associ-
ad with the polariztion, of the graphite chag density. 35oQ

The total-dfeence density and the conduction-electron-
difference density both integrate to a single electron per 5 C)
unit cell while the valence-dectron-difference density in-
tegrates to no net charge per unit cell. 0

From Fig. 5(b), it is apparent that the conduction-
eectron-difference contribution retain its i-like form .

with very slight polarization effects. This result had been
noted previously on the basis of non-self-consistent calcu-
liMons." By the argument to follow, the effect isexpected 5
to be a general property of graphite intercalation comn-....
pounds due to the nature of the conduction states, espe-
cially their partially antibonding character.' s From per- FIG. S. Contour plots of electronic charge density for Li,
turbation theory, the distortion polarizability of a graphite (a) torad-iffere,,e density, (Wi conction-electron contribution,

state depends largely on virtual excitations to the lowest and (c) valenceelectmro cotribution. Contour values are gv
uoccupied state of the compound. The wave function for in units of 0.001 electrosiJA. Atomic positions are denoted by
this state is a smooth function in the layer plane and its filled squares for Li and circles for cabon. Plane shown is the
matrix element with a wave function having oscillatory same as in Fig. 2.



23. LMMrH-lfldf CALATED GRAPWiTE. SELF-CONMiSENT... 1017

55

I -j

FIG. a. Contour ploce of electrankc charge dety of LiC.2: (a) totai-difference density, (b) conduction-electron contribution. and (c)
vajene-electra contribution. Contour values are given in units of 0.001 electrons/;,'. Atomic positions ame denoted by filed squares
for Li and circes for carbon. Plane shown is the same as in Fig. 3.

character in a layer plane, such as a partially antiboniding plots for the second-stage compound are smaller than
graphite r state, is much smaller thani the matrix element those for Li4G by roughly a 'actor of f.The polarization
with a smooth wave function such as, a bonding graphite r effect are exemplified by the asymmetry in the difference
sige. Hence, the conduiction states of graphite arm less po- densities about each c site. As for the firsm-stag com-

* lrizable than the valence state neor the bottom of the r pounid, the polarization effects on the conduction electrons
band. The valence-electron-difflerence density in Fig. 5(c), [fig. 6(b)] are very slight in comparison with that of the
on the other hand, shows strong polarization effects; there total- and valence-elecron-difference densities.
obzits a deficit of chag near the C planes and an excess The results for LiCI& are shown in Fig. 7. Near the
of charge near the Li ions. Fromn an analysis of the local bounding C layer andl the Li plane, the total-electron-
density of stte given below, we shall e that, the diffierence density [Fig. 7(a)) is strikingly similar to that of
valence-state polarization is not due only to states at the the scond-stage compound shown in Fig. 6(a). Note that
bottm of the r band, but aWs due to states spreading over the differenc density near the interior layer is small.
a wide energ range. However, the conduction-electron-difference contribution

- -The results of a similar charge-density analysis for shown in Fig. 7(b) is much more delocalized. The
LC, are shown in FAg. 6. Decaus of the reduced inter- valence-electron-dfferenc density shown in Fig. 7(c) is

* calant concentration, and hence reduced charge transfer als very similar in the region ner the Li planes to that of
pcarbon atom, the peak densities displayed in these the lower-stage cmpounds alhouhtedfctrgo o
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PIG. 7. Contour plots of electron charge deity for LiCit: (a) total-differen nsity b) conduction-electron contribution, and
(c) valence-dectron contribution. Part (d) is a contour plot of superposed atomic charge density of Li2s in the LiC, structure. Con-
tour value are given in units of 0.001 dectrons/A3. Atomic positions are denoted by filled squares for Li and circles for carbon.
Plame shown is the same as in Fig. 4.

LiC1, is more delocalized. In order to compare the polari- dicular to the planes presented in Figs. 5-7. Contour
zation charge and that of a Li 2r bound-state density, the plots of the difference density in the Li plane and the
seo density for atomic Li2r states in the LiCjg bounding C-layer plane are shown in Fig. 8. The plot is
structure is shown in Fig. 7(d). The polarization charge for LiC, but the plots for the higher-stage compounds are
[Fig. 7(c)J retain some of its C character and therefore very similar. The main difference is that due to the re-
has more structure than that of the superposed atomic Li duced charge transfer per carbon atom, the contour levels
density. However, the similarity in the shapes of the two in the bounding C-layer plane e lower in the higher-
demities in FIp. 7(c) and 7(d) near the Li plane is ap- stage compounds by a factor of roughly f. The contour
parnL In gmenral the polarization charge is more local- plot for the difference density in the Li-layer plane shown
ized near the Li ious than is the superposed charge, having in the left-most pne of Fig. 8 is relatively structureless
a higher peak density in the Li plane at about I A from showing . saddle point in the difference density along a
each Li site and a lower density at the midpoint of the Li- Li-Li nerest-neighbor distanco--not indicative of a bond
u separation. in the usual sense. The difference density in the C-layer

An additional feature of the total-electron-difference plane shown in the rilht-most pnel of Fig. 8 shows the
density contour plots is the appe nce of a deficit of withdrawal of electrons from the C-C bonds. There are
charge in the region of the C-C bonds. In order to see two types of C-C bonds. The C-C bonds (type 1) in C
the details of this effect, it is interesting to see the total- hexgons with their center directly above or below a Li

- eren density in some of the plan pa . ite suffer the greatest deficit while C-C bonds (type 2)
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FIG. 8. Contour plot of total-dfrence density for LiC, shown in Li plane (left panel), plane of Fig. S (center panel). and in
("bounding") carbon-layer plane (right panel). The three planes intersect at 90' angles at the edges indicated by thick lines. Contour
values are given in units of 0.001 electrons/,. Atomic positions are denoted by filled squares for Li and circles for carbon.

which are further from the Li sites are affected less. This explain why the: AAaAA stacking sequence (rather than
demonstrates the localized nature of the polarization. The ABaBC or ABaBA) occurs for LiC,2. That is, if registry
withdrawal of charge from the C-C bond is quantified in of C atoms along the c axis is energetically more favorable
Table H in terms of the integrated charge within a sphere for LiCt2 in the presence of hexagonal distortion, only the
cented on the various types of C-C bonds. For a sphere AAz4A structure enables such registry.
Tth of the radius of the bond length, the charge with In order to address the issue of charge transfer more
drawn from the type-I bond is mice that withdrawn from quantitatively, it is helpful to look at the charge averaged
the type-2 bond and 6 times that withdrawn from a bond in a layer plane and plotted along the c axis as shown in
in the interior laya of LiC1 i. The percentages for UC12  Figs. 9-11 for LiC., LiC12, and LiCI8, respectively. The
and the bounding layer of LiC,5 are identical. The results of the linear plots follow the same trends shown in
amount of charge withdrawal is small--a maximum of the contour plots as discussed above. Further, we can de-
- 1% of the total, but this magnitude is large enough to fine regions a, b, and c as shown in these figures to com-
affect the force constants and bond length of the C-C paen the total integrated charge of the sandwich region, in-
bond, for example. Our calculations were performed with termediate region, and interior region, respectively. The
an ideal structure-all C-C bonds having equal length. integrated chages for the three regions are listed in Table
Although total energies and lattice relaxation were not in- IlL There are several interesting features of these results.
dluded in the calculation, the results suggest that a struc- First, the total-differenc density in the sandwich region a
ture with a slight dilation of the type-I bonds relative to is essentially the same in LiCni and LiC,. roughly 90% of
the type.2 bonds might have lower energy than the ideal the total excess charge. Secondly, the condu
structure. Such a structural effect of a distorted hexago- charge in regons a and b is nearly identical for both LiC12
nal structure within each bounding C plane could perhaps and LiCis indicating that the distortion polarization of the P -_

conduction states is small in contrast to that of the total-
difference density. Thirdly, for LiCa, roughly 20% of the

TABLE n. Bond-charge changes. Percentage charge in conduction-eectron chae is located in the interior layer,
carbon-carbon ds of LiC, minus that of Cf, in sphere of more than 3 times the charge of the total-differkoe densi-
radii T and TV of the carbon-carbon bond length ty in this region.

I One of the interesting questions remaining is o deter-
T T mine theo o in of the chargedensity shown in the above

LiC6 results. This we can address by examming the local demi-
Bond I -0.9% - 1.2% ty of states of LiC,5 . For this purpose, we have divided
Bond 2b -0.5% -0.6% the crystal into the five regions A-E shown in Fig. 12(a).

Region A is near the Li plane and is similar to region D if
LIC,, it were not for the Li atoms. Regions B and Care associ.
Bond -0.4% -.6% ated with the bounding carbon layer while region E is as- S ..
Bond r -0.3% -0.3% sociated with the interior carbon layer. Comparing the lo-

cal denity of states for LiCS in all of these regions (full
LiCs line) with that of pure graphite in the LiC,. structure
Bond I" -M4% -0.6% "Cis" (dashed line), for each region there is a strong m '"-
Band 2 -0.3% -0.3% lauity in the shape of the two curves. However, in each re
Bond 3" -0.1% -0.1% pon there is an mergy shift characteristic of an approxi.

'C-C bond in bounding layer in a C bmaa directly above or matdy two-dimemonl electronic band structure modu
below a Usit. latad by the eecrstattc potential in that region created
6CC bond n bounding layer in a C hasagon not directly aboye  th charg transfer. The two curv have been a
or elow a U Site. so dt the bottom of the lowest-energy a band is taken to
'.-C band in into layer. be the zero of atergy.
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FIG. 9. Electronic chrg densities for LiC6 aveaged in layer planes and plotted along c axis: total-difference density (full lines).
contr-bution (dashed line), and valence-ifferece density (dotted line). Reion defdiious are those used in Table
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The firt intersb question is what is the origin of the second interesting point illustrated in Figs. 12(a) and 12(b)
charge mr the LA plae? We cm address this question by is that states within roughly I eV on either ske of the Fer-
looking at the local density of mats for region A in com- m evel of LjCjs have a local desity of stat. whose
person to that for rmon D. Since these two region are shape is esenwtlly identical to that of Cs. This result
l mcts betwee carbon planes. the main contribution to corroborates the arguments made above that the Fermi- L
the occupied deminty i these reom is due to the r aele- level states are mentially unpolarizal
trom whom band minimum is at roughly 12 eV. In region A third point iMustrated in Fig. 12(b) is the magnitude
A the electrostatic potential for LiCns shifts the energy lev. and sip of the electrostatic potential shifts associated
els to lowe enri. by appmuimately 0.5 eV. In region D with the bounding and interior carbon layers. To a first
the electroatic potential of LiCn shifts the enmy levels apprximation, the local density of states (LDOS) of the
to higher energies by approzimaty 0.5 eV. In addition to interior layers (full curve E) is rigidly shifted by about I
these rigid shifts the are some intensity differences be- eV above the LDOS of the bounding layer (full curves B
twen the graphite and LiCts local-density-of-states and C). In the region of the Fermi level, the electrostatic
curves, in region D, then differences are very small fluc- shift has been successfully modeled by several au-
tuations throughout the region of occupied states, while in thorss -  who considered the effects of intercalation on
A systematic differences are apparent. Namely, the local the r bands of graphite alone.
density of states for LiC1g in region A for the occupied Finully, the contribution of unoccupied Li Br states is if-
states is systematically higher than that of graphite ep- lustrated in Fig. 12(a) as enhancement in the local density -
cially for the bonding r bends in the region 12-18 eV. of states of region A in the vicinity of 25 eV, several eV
The density near the Li atoms is thus largely derived from above EF.
the combined effects of the distortion of states in a 6-eV
range of enerly from the bottom of the r bands of pra- I. RESULTS FOR BAND STRUCrURiES
phite. The u electrons also contribute to the polarization
charge as evidenced by the bond-charge deficit shown in The band structure of LiC6 is shown in Fig. 13 and is
Fig. 8. However, because of ther small extent into region compared with previous calculations and experiment in
A, their contribution is hardly visible in Fig. 12(a). A Table IV. In general, the differences between the present

i ,, ~~~0.02, -,/,, , . ,"

-.~ o "
7 -QOILiu C C LiC

DSTOIEM.N OL Axis
FIo. 10. Electronic diarp den for LiC averaw in layer plae and plotted along c axis: totl-differece density (fullliea),

_ _ et in contribution (dasbed Ie), a wem density (dotted line). Relion definitions are thos used a Table
UIL
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FIG. I11. Electronic charge densities for LiC1, averaged in layer plan.s and platted along C axis: total-difference density (fall lines)
contrbution (dashed linel, and valence-difference duusity (dotted line). Region definitios ane those sue in Table

seff-comistenit bsmdtuctur reaukstand the previous evidenced by the fact that the -banid splittings anly a
non-.lf-coastntSts follow the similar comipaison few tenths of an eV kage for LiC,. than for LiCI2.

for graphite itself 2 The lower valence bands ame in good
* agreement with the phoboenissiort ueurmnnt. Th V. SUhGAARY AND DISCUSSION

photomtission peak at 0.5 @V below the Parmi energy due
* to the "back-folded" r bands is perhapI relate to the cal- In summary, as a result of our study, we have learned

culaze bands at r; the corresponding states at A lie 1 eV about a number of properties of the model graphite inter-
or More lW in energy. calation compounds which we expect are generally applic-

Th band stures of Li 2 and IjCts are shown in eble to this clas of compounds.
iT gs. 14 and 15, repciey along the symmetry direc. (1) The total charge density of the intercalation comn-

tion defined in Table 1. The general features of the bands pound screen the intercalant ton on a relatively short
are quite similar to those in LiC5 except that there are 2 length scale. This is particularly evident in Table m
times as m-y and 3 times as many graphte bands for where it is shown that 90% of the total-diffierence density

* LC 12 and LiCIS, respectively, corresponding to the larger of the second- and third-stage compounds is located in the
unit cells, By looking at the eagenfuaction. one can distin- sandwich region between two graphite layers surrounding

-. guish states which are primarily localized on the bounding a Li layer. This is also evidenceid in Fig. 8 and Table 11 in
layers or on the interior layers for LiCI5. One finds that terms of greater charge deficit from the C-C bond (type
dw thinterior-layer bands are raised in energy with respect 1) closer to a Li ion. This totai-charge~enity distribution

* to the corresponding levels of the bounding layers by affecte a number of ground-state properties such en the In-
rouighly I eV. The magnitude of this electrostatic effect is terlayer bond keghs" and force con~ttsY Evidence -

comparable to the interlayer interaction of the r states as for the fact that the total-difference density is localized

TABLE KU. Distibution of electronic charge in LiC... Definitions of charge components and of re-
glows areeasdefined for Figs. 9-1l.

0Region a Region b Region C

jTotal 0.50
Conduction 0.50
VAIeN= 0

Total 0.4 0.05
conduction 0.26 0.24
Valesc 0.19 -0.19

UiCIS
Total 0.45 0.03 0.0
Conduction 0.21 0.19 0.09
Value 0.2 -0.17 -0.0

U 28-uepsdaoi
deneltls 0.40 0.0 0.01
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(nar a bounding C layer) and 9 (near an interior C layer) are compared with the total densities of states. Densities of states owee ob-

tained using histograms 0.4 eV wide smoothed with a Gaussian convolution function having a decay width of I eV. -
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TABLE IV. Energy bands for LiQ in eV.

Present reslts Previous results' Expeimentb
r A r A 1-A

Botom a bmnd 0 0.2 0 -0.3 0

flack-folded a bands 6.9 7.0 6.3 6.4
7.3 7.3 6.8 6.7
9.2 9.1 U. 8.0
9.5 9.5 8.4 8.59.

Boatice v band 12.7 11.6 12.4 12.0 13.2

Top a band 17.1 17.3 13.8 15.8 17.0

flack-folded v bands 20.6 18.8 20.1 19.4 2.
20.9 19.9 20.3 19.5 2.

5,21.6 21.8 22.5

'M~stal baud 22.9 27.9 23.4 27.6 =24.01

bIfro 4 xeimna ruqoe a !g.V with respect: to Fermi leveL

M r K ~ A

25- -25

v,

20 2

15

- - - - - - - - - - - - - - - ---------

5-

P10. 14. u tra of LiC. Debdlmdnl rbnfl i eoeabands. Energies calcullated at pit niae
by Zoo wo W tbo fabn rloi-o * ndfndi Tabl 1.
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z
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M Zr T R r A
- FG. 15. BMd structure of LiC,.. Dashed lines denote r bands, full lines denote a bands. Energies calculated at points indicated

byv circles. Zero of energy taken at bottomo of a band. flriflcuin-zone labels anw defined in Table L.

nam the ij ion has been suggested by the analysis of x- as in Table III and in the form of the local density of
* ray-photoemiaaion measurements of the ClIs binding ene- stats nar the Fermi level as shown in Fig. 12. This

gies in a second-stage Li-intercalated graphite compound behavior is due to the partly antibonding character of the
o( presumed composition LiCI. 3 The argument of the stune and has direct consequences in the transport"~ an

* localized charge is based on the analysis of the linewidth Fertm-surface properties of graphite intercalation corn-
to be consistent with four distinct C sites. If the differ- pounds. At the present time there is no direct evidence of
ence density were more delocalized about the Li ion, there the extent of the conduction-electron distribution. The
would be fewe ditinct sit.s and a smaller lImewidth. moat promisin experimental tools for measuring this of.

L Fronm the local density of stat.s, we have, moreover, seen fect ane the de Han-van Alphen or Shunkov-de Hanthaot the polarization charge is derived front the combined effects.' However, at the moment the results seun to be
- effects of a distortion of all the low-lying valence stae of too samnple dependient to be reliabILe. The

graphite. We have argue that this chag redistributio ty of the t electrons nar the Fermi level has been ws
might result in a small lattice relaxation, lengthening the smed in several sucesful model calcukatowuns and is
bonds closest to the Li ions and have cited the existence of liely to be one of the major contributing flactors to the
the AMaM stacking sequence for LiC,2 a indirect evi- high conductivity of the graphite intercalation cam-

L dence of this distortion effect. Pounds.
(2) The conduction-electron contribution to the charge (3) Much of the physics of the electronic structure of

density is much more delocalized than the total-difference the graphite intercalation compounds involves the main-
density and is virtually unidistorted fromn a graphite i-like fold of the ir state of graphite a shown by Safa and
form. This is evidenced in Figs. A(), 6(b), and 7(bia well Hamann.27 These authors were able to modal the effects
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Ab Initio Calculation of the Optical Spectra of LiC6 and the Origins of its Plasmons
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We present the results of the first ab iniio calculation of the optical spectra of LiC6 up to
40 eV. The results are in excellent agreement with experiment and are used to identify the
structures seen in the ;ptic;41 spectra of this compound, and are also used to clarify the ori-
gins of the observed and calculated plasmons. Some of the results appear to be common to
all alkali-graphite intercalation compounds.

PACS numbers: 78.20.Dj. 78.40.Kc

There have been a number of recent measure- are significant contributions to ,Gv, in the same
ments of the optical spectra of the alkali-graphite energy range, from both intraband and interband
intercalation compounds.' The availability of our transitions, care must be taken in assignment of the
accurate ab initio self-consistent energy band struc- origins of the measured plasmons.
ture of graphite and its intercalculation corn- The calculation is carried out within the re-
pounds5.6 has enabled us to calculate (heir dielectric laxation-time approximation with dielectric function
functions over a large range of energy. We report given as
the first such calculation for graphite intercalation +
compounds. Furthermore, we show that if there a$ (a) - +o ) . (I

The interband contribution is given by

Sinttf(w) - - __ ~ ,(~,(~ p9,)(2)

where &-w,-± i/r. and twr(k) - Ej(Z'l- Ek').
The primed summation is taken over states such was chosen by Johnson and Dresselhaus' for '"
that E < Ee < E;. where EF is the Fermi energy. graphite r bands. Since cur calculations cover a

The Drude model with a single scattering time is much larger energy range we chose the constant
used for the intraband contribution value of 0.2x 10-"t sec for the entire 40-eV range.

- The interband plasma5 frequency, (a., was taken
ra, (3-) ' from the calculated Fermi surface of Holzwarth,

"±k,( /') Louie, and Rabii as 6.7 eV for the in-plane corn-
We have used an initial mesh of 30000 points in ponent and 2.2 eV for the c-axis part.

1/24 of the Brillouin zone in conjunction with Even though the energy-band calculations were
a modified Gilat-Raubenheimer interpolation carried out using a nonlocal pseudopotential, the
scheme.7 in the case of graphite, we have com- oscillator strength for interband transition was tak-
pared the optical spectra using the present modified en to be the matrix element of momentum between
Gilat-Raubenheimer scheme based on 20 k points the initial and final states. However, the neglect of
in the subzone, with a k .] interpolation for energy the nonlocal contribution to the matrix elements
levels and momentum matrix elements generating was estimated to result in errors of less than 10%.
480 points in the same subzone. The results of Figures I and 2 show the comparison of the ex-
these two approaches agreed well with each other, periment' and the present calculation for the *t ".
and in fact the former was in better agreement with and e2,L, the real and imaginary components of
experimental results and involved less computa- dielectric function with the polarization perpendicu-
tional effort. lar to the c axis of the crystal. The calculated values

Since there are no independent measures of the are absolute and have been checked by sum rule,
relaxation times for LiCe, we estimated the intra- accounting for 18 of the 25 electrons (four contri-
band r from the dc conductivity to be 0.Sx l0- 13  buted by each of the six carbon atoms and one by
sec. For the interband 7, the value of 2 x 10-14 sec the lithium atom) over a range of 0-34.3 eV. This

2386 @ 1984 The American Physical Society
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FpcFIG. 2. The imaginary part of in-plane component of
FIG. i. The real pan of in-plane component of the the dielectric tensor of LiC6 as i function of frequency.

dielectric tensor of LiCe, as a function of frequency. The Teeprmna aaaefo e.I• . eperienta reslts ae frm Re. I.The experimental data are from Ref. 1. ..
*experimental results are from Ref. 1.

is generally considered an achievement in view of early calculation of energy band structure of LiC 6
the ab initio nature of the calculation and the fact by Holzwarth, Rabii, and Girifalco.' There are two
that transitions above 34 eV are not included. It is types of carriers at the center of the zone with plas-
seen that the agreement between theory and experi- ma frequencie' of w. U~Per" 5.5 eV and (a. lowe - 4.7
ment is excellent. Figure 2 shows major peaks for eV. Assuming the same relaxation time r' for both
e 2 , at 4.0 and 13 eV which are similar to those mea- carriers, we arrive at an effective intraband plasma-11Thsestrc- frquecy(a - w uf loer =1/1-6.7 e.W
ured and calculated for graphite" These struc- frequenca #- (a. u1,,+,ow ) - eV We

tures correspond to transitions that are also allowed notice that the observed plasmon wA at 2.85 eV cor-
in graphite. however, due to the back folding they responds to oscillation of these carriers, screened by
correspond to contributions from a different region the large positive component of the interband e, in
in LiCe Brillouin zone. The small structures near 9 this frequency range. This unusual behavior of
eV are absent in graphite and become allowed in
LiCe due to the upward shift of the Fermi level and
become more complex due to the Brillouin zone 10
folding. There is indication that these structures
are also directly observed with reflectivity measure- inter

ments on LiC6.12  int,

The interpretation of #1L is more complicated. S ,
We observe plasmons Wpt, wp,, wa,3 occurring at
2.85, 6.3, and 25 eV. In order to clarify the origin ,

of these plasmons we show the interband and intra- -

band contributions to it,,, spectra, respectively, in 0

Fig. 3. The scattering time for the interband com- ,a -ntra

ponent is taken as 2x 10-14 sec. in contrast to the
value of 0.2x 10- 4 sec in the final results in order " 20 30.
io produce a zero crossing in eL spectra, and to -.

make the discussion of the different contributions ENERGY (eV)

clearer. The intraband component was obtained by FIG. 3. The interband and intrahand contributions to
using the parameters of the Fermi surface from the the real part of the calculated dielectric tensor.
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LiC,6 also occurs for KC, in which the intraband
plasmon observed2 at 2.38 eV corresponds to the [- EXPT

unscreened effective plasma frequency of 4.5 eV.' 4  
3L

This situation is in fact a general characteristic of
the spectra of the alkali-graphite intercalation corn-
pounds since in all cases the energy of the '-ir ."

transition occurs in the range where the intraband
effects are significant. A related phenomenon is
observed in silver with the difference that, there, h
the intraband oscillations of s electrons are screened
by the interband ransitions nvolvimg the d elec-
trons.15 This effect is acsc[ ,h2n w,. wnich ap- ,
pears in Eq. (3). is much k 1s than , as is the case
in graphite. Sir:., becakis,: ,. tm'* :,iing c(f the
F erm i ile l in L iC , ti 2 ,-r -7:" 'r.;t-si:io ns lose . -1 i

strength. the large intrabanu cuntn'uaion i;; :,i.ces-
sary in LiCe to lead to an effecti% e plasmonr at this .. ,
frequencyTnis is somctimes rcF-rr-' w a"n in;
--rE-and plasmon.in liierarfur The plasmon w'p. :U _
occurring at 25 eV, is totally due to interband tran-
sitton since the free-carrier effects have disappeared I /
at this energy. The same interband plasmon is also - , ,,
observed in graphite. The structures near 15.5 and .
19.5 eV in the el, spectra, which appearin both ex- -
perimental and theoretical results, stern from a d" i_, ,,,,U , L L. . , ..
number of cr- * transitions with significant oscilla- 0C 2') 3.-

tor strength distributed in almost all the Brillouin E*ERG'
zone. There are also two peaks at 15 and 19.5 eV in FIG. 4. The electron-energy-loss spectra in a-a plane
the joint density of states of LiC.. for LiC6

Figure 4 shows the measured and calculated
energy-loss spectra and again the agreement
between theory and experiment is excellent. Ac-
cording to this calculation the three large plasmons owtat ot on is it i et rement
as well as the two small structures around 9 eV cor- shown that not only is it in excellent agreement
respond exactly to those in the t,. spectra. This is with experiment, but it also plays a crucial role in

an important check on the accuracy of the results the correct identification of origins of the measured
imposed by the Kramers-Kronig relation between plasmons. -a,
the real and imaginary parts of the conjugate pairs, The authors gratefully acknowledge the discus-
such as el and e2. There is, however, a 3-eV differ- sions with N. A. W. -olzwarth. R. C. Tatar, J. E.
ence between the main peak in the measured Fischer, E. J. Mel, and M. E. Preil, and the
electron-energy-loss spectra and the el spectra ob- resources provided by the Moore School Corput-
tained from it by Kramers-Kronig analysis. This is ing Facility. This work was supported by National
the result of uncertainty in the extrapolation of the Science Foundation Materials Research Laboratory
quantities that have to be integrated in the Grant No. DMR-8216718, and Army Research Of-

Kramers-Kronig analysis and also due to the fact rice Contract No. DAAG-29-77-C400.
that the variations of el and a, in the energy range
around ,.p3 are rather weak, but critical in deter-
mining the position of the peak in the electron- 'L. A. Grunes, I. P. Gates. J. J. Ritsko, E. J. Mel.
energy-loss spectra. D. P. DiVincenzo, M. E. Preil, and J. E. Fischer, Phys.

We have also calculated the c-axis component of Rev. B 28 6681 (1983).

the optical properties such as 4., -lm( I/e 1), and 2j. j. Ritsko, E. J. Mele, and 1. P. Gates, Phys. Rev. B
so on. However, no experimental results are avail- 24, 6114 (1981).
able for this polarization. 3M. Zanini, S. Basu, and J. E. Fischer, Carbon 16. 211

In conclusion, we have successfully calculated the (1978).
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ABSTRACT

The valence charge density of graphite was determined from

first-principles, self-consistent electronic structure calculations

and found to be in excellent agreement with values derived from

experimental X-ray form factors. Similar calculations were carried

out for the valence charge densities of diamond and of a first stage

intercalation compound, LiC6 .
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1. INMRODUCTION

Recent advances in numerical techniques have made it possible to

carry out first principles calculations of the ground state properties

of solids within density functional theory in the local density approxi-

mation [1]. The numerical accuracy of these techniques have now enabled

workers to address the question of the accuracy of the local density

approximation itself. One of the immedicate outputs of these calculations

is the variationally determined valence charge density.

In the present paper, we discuss some recent results for the calcu-

lated valence charge density of graphite [2] and diamond and their compari-

sons with experimental charge densities derived from the analysis of high

resolution X-ray diffraction data [3,4].Eor purposes of comparisons, we

also discuss results for an intercalation compound, LiC6.

2. METHOD OF CALCULATION

The first-principles band structure calculations were carried out

within density functional theory in the local density approximation using

several well-established numerical techniques and approximations, suitably

modified to treat the relatively strong electron-core interactions of

carbon [2].

In order to take advantage of the numerical efficiency of a Fourier

space evaluation of the matrix elements, the calculations were formulated

in term. of pseudopotnetials and pseudo-wavefunctions. The electron-ion

interactions were represented by norm-conserving pseudopotentials as

developed by Ramann, Schluter, and Chiang [5]. This form of pseudopotential

has several advantages. The pseudo-wavefunctions and pseudo-charge converge

to the actual avefunction and actual charge outside spheres of specified



radii about each atom and the integrated pseudo-charge is equal to the

integrated actual charge inside the core regions. Because of these

normalization contraints, the pseudopotentials are energy independent

- over a reasonable energy range. The electron-electron interactions

were represented self-consistently in the local density approximation,

using the Eedin-Lundqvist[6] form for the exchange-correlation contribu-

tion.

The electronic wave functions were presented in terms of a mixed

basis set consisting of plane waves and linear combinations of atomic

orbitals (LCAO's) as developed by Louie, Ho, and Cohen (7]. The atomic

functions were taken to be the numerical s- and p- wave atomic pseudo-

wavefunctions. A sufficient number of plane waves was included in the

basis set in order to converge the eigenvalues to within 0.2eV. This

relatively large error was permitted in order to be able to treat higher

stage graphite intercalation compounds. The self-consistency and the

relative positions among levels were converged to well within 0.05eV

The matrix elements between LCAO's and the local part of the pseudo-

potential were evaluated using the fast Fourier transform technique

suggested by Louie, et. al. (7]. The matrix elements between LCAO's

and the non-local part of the pseudopotential were evaluated using a

separable form approximation t2].

3. VALENCE ELECTRON DISTRIBUTION IN GRAPHITE
4

Graphite has the Bernal (8] structure with D6h symetry and 4

atoms, 2 very slightly inequivalent types, per unit cell. The atoms

are arranged in layers of hexagonal lattices with lattice constant
0 S

a = 2.46 A; the separation between layers is c/2 - 3.35 A. Adjacent

2



layers are shifted in an ABAB stacking such that half of the carbon .-

atoms (type "a") are directly above and below carbon atoms in the

adjacent layers, while half (type "b") are directly above and below

centers of carbon hexagons in the adjacent layers.

The calculated valence charge density for graphite is shown

in Fig. la. Contours for two different planes are shown, a carbon

plane and a plane containing the c axis. The edge at which the two

planes meet is shown with a thick line. This figure illustrates -

the highly anisotropic structure of the graphite valence density and

the large concentration of charge that constitutes the C-C bonds.

The density along the bond exhibits a double-humaped feature. The S..

.3
peak density is 2.le/A3 , 10 higher than the density at the bond

center. By contrast, the charge density between carbon planes,

drops to less than O.le/A3 .

For comparison, the valence charge density generated by the most

refined fit to the X-ray form factors by Chen, Trucano, and Stewart [3),

is shown in Fig. lb. The overall agreement between the two density

distributions is exceblent. The experimental standard deviation is

.3quoted to be ± O.le/A . In addition, the set of parameters used to

generate Fig. lb overestimates the total density by 0.034e/A3 . There-

fore, the agreement of the two distributions to within ± 0.15./A3

throughout the valence region is an encouraging result. Since ours is

a pseudo-charge density, the shape of the density within the pseudopo-

tential radius (indicated in Fig. la by a dashed circle) is not simply

related to the real electron density. However, the integrated pseudo-

charge within the pseudopotential sphere is equal to the integral of

. . . . ... .. .3



the real charge within the same region.

4. VALENCE ELECTRON DISTRIBUTION IN DIAMOND

Diamond is on average a more dense form of carbon, although the

7
nearest neighbor distance is 10Z larger. It has the 0h space group

and two equivalent atoms per unit. cell with cubic lattice constant
0

a-3.57A . Fig. 2a shows the calculated valence density distribution

in a plane containing C-C bonds. The distinctive double humped feature

of the bond charge is also exhibited for diamond. Comparing the bond

charge of diamond with that of graphite, we see that the peak density

for diamond is reduced by 10Z of the peak density of graphite. The

charge at the bond center in diamond is roughly 75% of its peak density.

The calculated density shown in Fig. 2a agrees well with that

calculated by several previous workers [9-11].

Stewart (4] analyzed that valence density of diamond using powder

X-ray diffraction data and the equivalent of only 60% of the reflection

information used for the analysis of graphite. The results of his

analysis are shown in Fig. 2b. In general the experimentally fit densi-

ties are more contracted than the calculated densities. The differences

between theory and experiment are greater for diamond than for the case

of graphite. This is partially due to the fact that the diamond X-ray

data is of slightly lower quality than that of graphite. However, the

important qualitative features, namely, the double hump of the density

along a C-C bond, and the decrease in bond charge relative to that of

graphite are well represented by both the experiment and the calculation. * -

5. VALENCE ELECTRON DISTRIBUTION IN LIC6

First stage LiC6 has been reported to have the D"h space group,

having 6 carbon atoms and 1 Li per unit cell [12]. The carbon layers

4 .o



are in AA registry with respect to each other and the Li atoms align

themselves between the layers in the center of one third of the carbon

hexagons. The hexagonal unit cell parameters are VT-a, vhere a-2.485A

and c-3.7061. This represents a 1% dilation of the C-C bond length with

respect to that of graphite and a 101 increase in the distance between

carbon layers. The calculated density for LiC6 (13] is shown in Fig. 3

in a plane containing the c-axis and a C-C bond. On the scale shown in

the figure, the contours for LiC 6are barely distinguishable from that

of graphite itself, shown in Fig. la. In order to consider the effects

of charge transfer, therefore, it is useful to define a difference densi-

ty. We have defined a total difference density as the self-consistent

valence density of LiC6 (Fig. 3) minus the self-consistent valence density

of graphite modified to the LiC6 structure. This total difference density

is presented in Fig. 4. By means of this difference density we are able OIL

to see the build up of w -like charge near the carbon planes, as well as

polarization effects due to the Li ions. Negative contours in the regions

of the C-C bonds are indicative of bond weakening due to intercalation.

6. DISCUSSION AND CONCLUSIONS

The successful comparison of calculated and experimental valence

densities for graphite presented in Fig. 1 is an encouraging result which__

establishes a high degree of confidence in the calculation methods. The

results for diamond presented in Fig. 2 are also encouraging.

The opportunity to make a detailed comparisons of calculated valence

densities with the experimental valence densities derived from X-ray data

is relatively rare because there are relatively few experimentally deter-

mined valence electron density maps available. Part of the experimental



* problem (such as in the case of diamond) is the availability of high

quality single crystals. For heavier materials, such as Si, the core

contributions to the X-ray scattering becomes more Important and the

analysis of the valence electron density becomes less accurate.

The charge density itself is important for determining the ground

state properties of the materials. The contour plots of the charge

density contain important qualitative information about the bonding in

- these materials. In particular, the double-humped shape of the C-C

*bond is a distinctive feature that is not exhibited for other Group IV

* materials such as Si, Ge, and Sn. It is very likely that the double

* humped feature can be explained in terms of the relative spatial extents

* of the s- and p- components of the valence wave fucntion. For carbon,

* the p- wave component is strongly attracted to the C core, while the s-

wave component is attracted less strongly as exhibited by the relative

* strengths of the ionic pseudopotentials. For the heavier materials, the

* existence of p core states decreases the p- wave attraction to the core,

so that the p- wave components of the wave function are able to have

* larger extent into the bonding region.

Having established credible results for graphite and diamond, we

can then address more detailed questions such as charge transfer in

graphite intercalation compounds. From our detailed calculations for

*LiC 6 we find the effects to be on the order of 5Z of the peak density

*in graphite. However, by defining the difference density shown in Fig. 4,

* the charging and relaxation effects are clearly seen.
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FIGURE CAPTIONS

1. Contour plots of valence electronic charge density for graphite:

(a) present results and (b) results from analysis of x-ray

data by Chen, Trucano, and Stewart (Ref. 3). Contour values are . -

given in units of 0.1e /A3 . Atomic positions are denoted by

filled circles. Two planes are shown - one containing an a-axis

and the other containing the c-axis and both intersecting at 90"

along a C-C bond. In (a), the dashed circle denotes the pseudo-

potential radius. In (b), the authors quote a standard deviation

of ±O.le/A

2. Contour plots of valence electronic charge density for diamond:

(a) present results and (b) results from analysis of X-ray data

by Stewart (Ref. 4). Contour values are given in units of 0.1e/A3 .

Atomic positions are denoted by filled squares. The plane shown

contains a C-C bond. In (a), the dashed circle denotes the

pseudopotential radius.

3. Contour plot of total valence electron charge density of LiC6.-

Contour values are given in units of 0.1 electrons/A . Atomic

positions are denoted by filled squares for Li and circles for

C. Plane shown contains c-axis and passes through Li atoms and

C-C bonds.
7i

4. Contour plots of the total difference density for.. LiC6 . Contour

values are given in units of 0.00le/A 3. Atomic positions are

denoted by filled squares for Li and circles for C. Plane shown

is the same as for Fig. 3.
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The character of the frst unoccupied band in the graphite intercalation compound Li6 is examined.
Based on a framework of interacting nonortbogonal statws an analysis of previous band-structure results
shows that this beand con be interpreted as a hybrid of Li 2s and graphite interlayer states.

BP246 1983 PACS number 7125.J%
S. -i

In a recent Letter' and in several recent conference publi- dopotential calculations,4 such an identification was suggest.
cations, Posternak and co-workers (PBFWW) .iave dis- ed by the fact that the eigenvectors for this band, especially
cussed the role of "interlayer states" in graphite and in pa- near -. 0, have substantial amplitude multiplying the Li 2s
phite intercalation compounds. These interlayer sas basis functions. However, even in the early descriptions' of
comprise the first unoccupied v band in both graphite and this bend, it was known to be strongly hybridized with the
meury. The existence of the interlayer bends, their approxi- bend). If o accepts the hybrid point of view, the issue

mate energies with respect to the Fermi leves,6 and their then becomes a quantitative question of the degree of hy-
dispersion with respect to E have been independendy corro- bridization.
borated by several calculations' as well u by several exper. Unfortunately, because of the spatially extended nature of
iments.9- 0  both the Li 2s states and the pure graphite interlayer states

The isu addressed by P3FWW concern the qualitative and especially because of their large overlap with each oth. .
description of the iterlyer bend in LiC. Specifically, er, it is very difficult to assess the degree of hybridization.
PBFWW strm that the interlayer band in LiC is but However, despite the ill-defined nature of this issue, it is
described as aristig from the interlayer bend in pure a- possible to discuss some reasonable measures of the degree
phite ortbogonalied to the L Is ore statm. They take the of hybridization and to relate them to the analysis of some
position tha "the ocoumence of this band is not correlated experimental results reported in the literature as well as the
to the Pesence of the U atoms."' analysis of our own calculational results for the band struc-

By contrast, in several pievious p 'r T'' inc 1 tu11 of LiC.
work on the electronic structure or"LC-, teL g e bnd Firstly, the photoyield experiments of Eberhardt, Mcov-
has been associated with the unoccupied Li 2s states ad ea, Plummer, and Fischer' measured the absorption of
termed a Li .like or "metal" bend. This point of view is a photons due to transitions from a Li Is initial state to unoc-
logicd consequence of the notion" that the formation of cupied final states. Because the initial state is localized on
alkali-metal-sraphite intercalation compounds involves the the Li sites, the matrix element tends to weight the absorp-
crg transfer of the metal valence electrons to the tion yield towad transition with final states having reason-
raphite r bends. In a simple one-electron description of able amplitudes on Li sites. Furthermore, the atomic por-

this mechanism, since they are unoccupied, the valence tion of the selection rules for the dipole absorption process
alkal-mea states in the intercalation compound must be tend to favor final states of Li 2p character. Since the Li 2p
energetically located above the Fermi level of the corn- states usually lie higher in energy than the Li 2s states, the
pound Furthermore, from a considlertion of the energetics absorption Yield peak found near 2 eV above E, indicates an
of the charge-tmaser process' such a the ionization po- upper limit for the experimental "location" of states having

ttd of the alkali-meta atoms modified by the presence of Li 2s character.
a gaphite lattice, one would expect the valance alkali-mael Secondly, Fauster, Himpiel, Fischer, and Plummert have
state in the intercalation compound to be located not mor recently meured the unoccupied interlayer bands in both
than a few electron volts above the Fermi level of the corn- gaphite and LiC. by men of inverse photoemission exper-
pound. These simple arguments m consisutent with the iments, determining the positions of these bands with
results of detailed calculations of the electronic structure of respect to their corresponding Fermi levels. Their results
LiC., if one associates the unoccupied "Interlayer" band in for LIC. are compatible with the photoyield results men. L
LiC. with significant contributions from the valence alkali- tioned above. By comparing the results for graphite and
metal states. In modified Korringa-Kohn-Rostoker (KKR) LIC6 and from a knowledge of the raising of the Fermi level
calculations' as well a in self-consistent mixed basis pseu. in LiC. due to charge transfer, Fauster ut a~l Inferred that

e " ' '.l.7



the interlayer bend in LiC6 is shifted by approximately 1 eV layer state wave function (08):
to lowa energy with respect to that of graphite. This l-eV
shift is interpreted as an indication of hybridization. Within
the experimental error these results are consistent with our The secular equation for the coefficients A and B can be
set-consistent mixed basis pseudopotential calculations for represented as
graphites and iC6 (Ref. 4) which determine the shift to be
1.6 eV. l V (2

Thirdly. we have analyzed the results of our calculationsv - . (2)
in terms of a volumetric measure of the degree of hybridiza- -

tion.I3 We evaluated partial densities of states (PDOS) for Here (Ar). ( e,(k), V(t), and S(k denote, respectively.
LiC. and for a reference graphite compound (LiC. with the the LI 2s LCAO band energy, the graphite interlayer band

K Li atoms removed) by weighting each state by its chare enegy, the interaction matrix element, and the overlap ma-
within spheres of radius 3.1 bohr about each Li site. This is trix element. The quantity of interest is a measure of the Li
shown in comparison with the total DOS in Fig. 1. We find 2s character in an eigenfuncton ', which we can take as
a significant contribution to the total and partial Li DOS in the Muliken population."
the region of the interlayer state at approximately 23 eV ( )(k~r)I*(r. n)
about the bottom of the lowest band. Of course, in addi-
tion to contributing to the interlayer state, Li contributions While this Mulliken population is not.Vnique -depending
are found throughout the spectrum. both on the Li 2s LCAO function 4,W) as well as on the

Finaily, we have analyzed our calculations" in terms of an other members of the nonorthogonal basis set-we believe
orbital measure of the degree of hybridization. First consid- that it can provide a reasonable qualitative measure of the
er a highly simplified model which exhibits an idealized hybridization of Li 2s wave functions in the eigenstates of
physical situation. The most simple model would corre- LiUC for this very simple model as well as for the realistic
spond to representing the wave function of the LiC, inter- band structure which we win discuss 'n a moment.
layer state as a sum of a Li 2s linear combination of atomic If the overlap matrix element S( of Eq. (2) were zero,
orbitals (LCAO) wave function (0.) and a graphite inter- the hybridized spectrum of the intercalation compound

EM would be given by

" ' ' '+ (for S(,)-0. (4)

2c 2
$ Totl D)OS

3 - In this case, the spectrum of the compound would consist of

two energy levels symmetrically located with respect to the
*2 mean of e, and ar The experimental evidenceso suggests

* that es- E-_ ! I eV. The upper hybrid level E+ has not
been experimentally identified, but the Oet- suggest that

E .- _ > 7 eV. These experimental results are consistent
1with the simplified model (4) only if e,- ag > 5 eV (which

is an unphysicaly large value), and the corresponding Li 2s
Mulliken population would be relatively small: Q 14%.

UPOOn the other hand 0, and 0. are known to overlap appre-
U POciably. From our mixed basis pseudopotential calculation
* OSIj ets,"' we have evaluated S(') and have found

*~~~S so 0.0~k) .6 throughout most of the Irillouin zone. There-
. fore, it is important to consider the spectrum o the ful

generalized eigenvalue problem (2):

0.3- .. +.,+2VS 1,r+2VS 2,-code
S2-S) 2(1-S ) I I

0 5 10 15 20 25 thiscase, the spectrum of the compound consits of two
energy levels which are highly skewed with respect to the

Energy (OV) mean of a, and ,. Analysis of the experimental rehul.s,'
.. d-'p uo t o a- E. - I eV and £+ - E_ *a 7 eV, leads to the con-

(o. . To defr ity (f' u ("o) and amW dailty of sto clusion that e,-, e m I eV and that Q- as 40%. Them•(boom) er UC (fL wmm) Uao a d 'as m hdphite values are mom consistent with the physical arguments"-'"ampoud- i.C O wit U ores remove-(d d mtm ). She&d- s u e s o4
ftb tigli hea Ue posithe diffenrmw between tim LIC and refer- above.
am auwa. The M ww deermie by weightn each sote by With slight generalization we can use this orbital partition
In darge within ph of radius 3.1 bohr about each U sit*. The to analyze the full wave functions *#1(C. r) of the ith band
mero of amp was takes at bottom of lowest w band. Veric liuM of our self-consistent calculations. 4 For this purpose, it is
dme lomtlos of Fermi leves . necessary to add to the terms of Eq. (1) a residual function

-'...p
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FIG. 2. Three-dimansioa representation at the Mu~iken popu- energy' is taken as E,. Bands are denoted with dashed lines tar 'r
lation Q of the Li 2* LCAO functions (vertical direction) long bands and full lines for.c bands.
various symmetry directions in the bend structure of LiC5. Zero of

R,(E'. 7'). since *b, and 6# do not form a complete set: with its value for different bands i at the same wave vector-1 - . - .- * V.
q' (.'r'Alk)6~k~)+Blk)6~k~)+R ( , ) •In conclusion, we have shown both in terms of a

(6) volumetric PDOS analysis and an orbital Mulliken popula-
.- tion analysis that the interlayer state of" LiC. does contain an

- In our calculation the Li 2* LCAO function 6s was in- appreciable amount of" Li 2s character. Upon closer examn-
cluded in our actual basis set, so that the coefficient A,(k) ination, within the framework of these analyses, we find

* was determined varitionily. The gpraphite interlayer wave evidence of Li 2s character thu'oughout the spectrum of
function *(V .) was not explicitly included in the basis set LiCe. Thus, the description of the interlayer state of LiC. as
so that we have no direct information about the coeffitcient a hybrid of Li 2s and graphite interlayer state contributions
BI(I) or about the contribution of. the residual function is necessarily a simplification of a more highly coupled set(2.. T). Nevertheress, the i 2 Mulliken popuauion can of states. However, within this simplification, if" one exam-

be evaluated according to Eq. (3). Due to the normalization ins the simple model of. Eqs. (2) and (5) representing the
S of the wave function 'r, information regarding the sum " physics ofu interacting nonohogonl states, the hybrid n-
the graphite and residual contributions can be obtained from ture of the LiC interlayer band is entirely ompatible with
the sum rule: the theoretical and experiment results for this system and,

in particular, with the "preexistene" of the analogous in-I+(+Q6) terlayer band in pure laphite. Because the Li 2s LCAO

where and the graphite interlayer state are so similar in their spa-
tial extent, other interpretations' are possible. However, we

(-d n (k)*or (k,)acualb i )) feel that the point of view that the occurrence of the LiC
interlayer bend is not correlated to the presence of Li

cand atoms' is misleading. On the other hand, previous". "'a

St- (R(e . T) io,(t. n)) . shorthand terinology of this bnd as a "metal bnd" is
Sreperhps an overstatement on the other extreme.
We have reanuyed ourt muito ( for the band structure of -"
LiCe in order to evalun te (k) truo ghout the spectrum 6 p

_ shown in F'g. 2 Th results indicate thet for the inter- ACKNOWiLEDOMsNKI •
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